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PREFACE

Most current military and all civil engines are operated under “Safe-fife” procedures for their critical components.
Experience has shown that this philosophy presents two drawbacks:

(a) 'The move towards designs allowing higher operational stresses, and the use of advanced high-strength alloys make it
likely that a disc burst could happen (following a rapid crack growth) well before the statistically-based “Safe-life” has
been achieved.

(b) Itis potentially wasteful of expensive components, since it has been estimated that over 80% of engine discs have ten or
more fow cycle fatigue lives remaining when discarded under “Safe-life” rules.

Damage Tolerance being an alternative lifeing philosophy, the Sub-Committee on “Damage Tolerance Concepts for the
Design of Engine Constituents” has therefore decided to conduct a series of four Workshops addressing the areas critical to
Damage Tolerant design of engine parts.

The present report includes rt.lua papers presented during Workshop 1 which was devoted 1o Non-Destructive
Evaluation of Components. FRANC L,
pol ans } =

It also inciudes the content of the discussions which followed the presentations. On behalf of the Structures and
Materials Panel, I would like to thank the authors, the recorders of the discussions and the session chairmen whose
participation has contributed so greatly to the success of the Workshop.

R.LABOURDETTE
Chairman, Sub-Committee on
Damage Tolerance Concepts
for the Design of Engine
Constituents

La totalité des moteurs civils et la plupart des moteurs militaires sont actuellement mis en ocuvre suivant les concepts
de “durée de vie certaine™ en ce qui concerne leurs parties vitales. La pratique de cette approche a mis en évidence les deux
inconvénients suivants:

(a) Latendance al'utilisation des moteurs sous contraintes mécaniques plus élevées et 'emploi d'alliages & haute résistance
rendent possible ['éclatement d'un disque (a ia suite d’une progression rapide de fissure) avant que la “durée de vie
certaine™, évaluée statistiquement, ait é1é atteinte.

(b) Onobserve également un gaspillage de piéces onéreuses, puisqu’on estime que 80% environ des disques retirés du
service conformément aux régies de “durée de vie certaine™ ont encore un potentiel supérieur a dix durées de vie en
fatigue oligocyclique.

La Tolérance aux Dommages constituant une autre approche possible de la définition des potentiels de vie, fe Sous-
Comité “Concepts de Tolérance aux Dc ges pour le di i des composants de moteurs™ a décidé dorganiser
une série de quatre Ateliers consacrés aus divers aspects de la Tolérance aux Dommages appliquée aux moteurs.

Le présent rapport contient les divetses présentations effectuées a 'occasion du premier d'entr’eux traitant des
techniques de Contrdle Non Destructif. On y trouve également un compte-rendu des discussions qui ont suivi les diverses
présentations.

Au nom de la Commission Structures et Matériaux, je remercie les auteurs, les rapporteurs de discussion et les
présidents de sessions qui ont grandement contribué au succés de cet Atelier.

R.LABOURDETTE

Président du Sous-Comité
“Tolérance au Dommnges pour les
composants de moteurs”
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THE IMPACT OF ENGINEERING ASSUMPTIONS ON NDE REQUIREMENTS

R H JEAL
Chief of Materials and Mechanical Technology

Rolls-Royce plc
P O Box 31
Derby
DEZ2 8BJ

1. Introduction

In assessing the performance of a structure or component he has designed the engineer
has to make a number of assumptions about its characteristics as it goes into
service.

To assess the validity of these assumptions they are best considered in two
categories:

a) the geometry
b} the material condition

Geometrical aspects - including surface finish - have the advantage they can be
directly measured on the individual parts for comparison with those originally set.
The designer can calculate the size of acceptable deviations from the norm and
production is accepted or rejected on the basis of these tolerances. Material
condition is a more difficult concept to deal with. It covers a wide range of
phenomena ranging from cracks, scratches and porosity through to the details of
material microstructure which represent a deviation from the designers assumption of
a material as a continuous, isotropic, homageneous media free from defects. These
deviations are both difficult to find and their effect on performance is difficult

to assess. Designers in the past used to assume safety factors to account for the
unseen presence of defects, but which have caused in-service failures. As more
efficient use of available materials has been sought these factors have been reduced
but at the price of greater "perfection" in the materials. This has led to increasing
demands upon the ability of the designer to assess the behaviour of discontinuities
and set the defect standards, and for the inspection engineer to establish techniques
that will find smaller and smaller defects in more and more difficult situations on
ever increasing degree of certainty.

This papcr charts the way these changing design requireinents have impacted upon the
problem presented to the inspection engineer and points the way to the future
changes. This workshop will cover the inspection engineers response to these
demands and set out the work required for the future.

2. Engineering assumptions

In predicting the behaviour of a structure the design engineer has to assume a material
model that relates the stresses he has calculated from the applied loads to strains and
then to appropriate failure criteria.

2.1 Traditional Assumptions

At its simplest the model will be one of a homogeneous, continuous, isotropic media with
stress directly proportional to strain with failure occurrinag when the stress reaches a
critical value - the tensile strength. (fig 1).

The manufacturer of a structure designed to such a model has to show he has not
introduced any deviations from the model ie. it contains no defects which will reduce the
load carrying capacity of the structure (cracks, porosity etc). The task he sets his NDT
Engineer is to check for such discontinuities and reject all found.

Safety is built into the system by setting an operating stress at a fraction of the
failure stress that experience has shown to be safe (either from test or service).

The degree of material perfection this demands is set by the discrimination of the
inspection methods used - their sensitivity setting the real meaning of the required ‘'no
defect' standard.

Subsequent in service failures are then dealt with by establishing the cause and then
eliminating it by changing the manufacturing method and applying a more sensitive
inspection method that would have found the offending discontinuity.

This approach is still the most widely used one even in non-critical aerospace
structures.

As the demands on the designer for lighter, higher load bearing, more cost efficient
structures has increased however, a number of short falls have been found.

a) wWithout detailed knowledge of the way a material departs from the ideal assumptions
the safety factors required lead to inefficient use of material in the structure.
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b) The simple materials model was not applicable to the new high strength alloys being
introduced.

c) Undexr a cyclic stress environment detailed knowledge of the material discontinuities
is needed to predict life.

A number of different steps were taken to adapt the behaviour models to meet the demands
of these new materials and conditions. These were covered in the AGARD Conference on
Damage Tolerance Concepts for Critical Engine Components in 1985 (Ref 1 and 2).

The current behaviour models now being used to predict the behaviour of components under
cyclic conditions are based upon an understanding of the total fatigue life as shown in
fig 2 (Ref 3). The materials potentially move through each of the life stages shown in
the figure in a way that is dependant upon factors relevant to the dominating mode of
behaviour in that stage.

The more important factors are listed below:-

(1) Crack Nucleation Phase

The number of cycles in which a crack nucleates will depend upon the applied stress
and local stress raisers created by discontinuities in the material. The size of
crack that occurs will be related to the critical microstructural elements of the
materials.

If a propagating crack is present from the beginning this stage obvicusly is not
applicable.

(2) Small Crack Growth
The rate at which the crack grows will be dependant upon the applied stress and the
structural features it is moving through. Provided the nature of the microstructure
is known the growth rate is predictable.

(3) Large Crack Growth

The critical failures are crack size and stress levels. Large discontinuities within
the material or at the component surface can effect life predictions in this phase.

The total effect can be summed up as a stress/life curve (Fig 3) which shows that
relatively long lives can be achieved if life is dominated by stress induced cracks
{curve 1), only short lives are predicted in propagating cracks are always assumed

to be present (curve 3} - the inspection related lives can be calculated if a
probabilistic approach to the presence of propagating cracks or malignant defects
is taken {curve 2). (Fig 4).

The design engineer can now make appropriate assumptions about the material from his
understanding of defect behaviour and component test/service experience and draw up an
appropriate quality standard which the manufacturing engineer has to demonstrate the
component meets - by a combination of appropriate process control and non destructive
inspections.

The major difference between yesterdays and todays quality standards is the change from
"no defects are acceptable" to quantitative limits eg "the surface shall not contain any
cracks above lmm in length".

This demands no longer just applied to the initial condition of the component but also
throughout its life.

3. Quality Acceptance Requirements

The original demands by the designer upon the manufacturing engineer were simple. The
piece going into the engine must be at least as good as the pieces that were tested to
give the design and lifing data. This led to the approach of fixed manufacturing
practice and gquality standards that rejected parts showing indications found by fixed NDT
procedures. The required physical attributes of the component were specified as the
product of the defined fixed process (eg microstructure, residual stress) and the
inspection process was used to ensure that any gross aberrations could be rejected.
Simple release tests, such as tensile and creep of specimens cut from test rings, were
used to check the piece had gone through the designated process and responded in the
expected way (eg. heat treatment of martenistic steels where the heat treatment was
repeated is the designated properties weren't reached).

Todays requirements of the design engineering are far more critical. His assumptions
behind the life calculation assume certain physical attributes of the component, relating
to materjial microstructure, surface condition, residual stress and sub-surface
discontinuities - all specified on a quantitative basis. Whilst these should be within
‘the process capablility (see below) the manufacturing engineer must show by a combination
of process control and inspection that the component he produces has the attributes the
designer has assumed. The engineering quality demands have, therefore, changes from a
simple no “indications” demand to a list of quantitative factors that need individual
control statements about the process and inspection from the manufacturing quality

————
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organisation. The role of the NDT specialist is to interpret the engineer's requirement
into the quantitative results of an NDT process - both in terms of sensitivity and
repeatability, - results that can then be used to monitor the ongoing capability of the
manufacturing process.

Whilst this is not too difficult in the contreolled environment of the manufacture shop
things become far more difficult once the piece goes into service - but the requirement

for inspection continues through the component life as it follows its designated life plan.

The factors likely to be called up in fig 5. Whilst some of these can be inspected for
non-destructively the list illustrates the line can only be covered by tight on going
process control.

L] The Role of NDE Reliability and Component Integrity

This can be best considered by looking at fig 3.

4.1 Lives based upon crack nucleation

If the design engineer is to make safe use of the nucleation life of a component -
curve (1) - he must be sure the material does not contain any propagating cracks as
new, and that any subsequent in-service incidents such as frettage or fitting damage
do not detract from that nucleation life.

If such an assumption were to be based upon inspection alone - a common current
assumption - the NDT engineer would have to give 100% guarantees that his methods
were completely reliable at all crack sizes. This is clearly not possible - such an
approach could only be underwritten by using processes that don't cause the cracks
with inspection acting as a check on process capability.

Under these circumstances the inspection does not need to be completely quantitative
- the presence of any indication has to be taken as a warning to examine the process
because it is going out of the necessary control.

Such an approach does not have any credence in-service as the very need for
inspection is created by lack of total understanding of the in-service conditions.

4.2 Lives based upon inspection

If the assumption is made that process control cannot be relied upon at all then the
matervial is assumed to have propagating cracks just outside the sensitivity of the
inspection process used (curve 3).

Under these circumstances the sensitivity of the inspection process are paramount in
determining the component life. They need full definition as applied to the
component under consideration and must be met at all times.

This approach is the only one applicable to in-service inspections when used for
component life extension beyond that of the worst of the family.

4.3 Lives on a probabilistic approach

This approach (curve 2) assumes that defects can be present but that the total
probability of them effecting life (including being found) lies within acceptable
risk. 1In this case the degree of sensitivity and reliability demand from the NDT
engineering is determined by the chance of the process producing the defect - the
higher the chance of producing one, the higher the requirement to find it.

This approach is the one most suited to new components, but the NDI sensitivity has
to be set higher than the component rejection rate to provide the on-going
information to assess the probabilistic behaviocur.

The degree to which the NDI process needs understanding is between the above two -
exactly where depending upon the quality of the project.

5. Design Intent Process Capability on In-service Life - role of NDE

In an ideal world the design intent and process capability of a component would be
matched with a in-service life distribution that let the operator use the majority of
useful life of all components under all in service conditions.

Under those circumstances there would be no need of inspection.

The need for inspection in the real world is created, therefore, by a breakdown of the
ideal.

L) Lack of match between design intent and process capability.
b) Lack of understanding of in-service conditions.

c) Wide scatter of life capability within any component family.

WAl
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5.1 Lack of design intent/process capability match

This can occur for two reasons:

a) the designer cannot achieve the engineering objectives within the capability
of the total product of the process.

b) the process capability is not consistent and can drift out of the established
match.

The role of NDE is different in these two cases.

For a) the NDE process sets the absolute quality standard going on into the engine.
Because it acts as such a gate its reliability is critical as failure will let
sub-standard parts into service.

The level of dependance on NDE in such circumstances has really been shown by
experience to be too high and will inevitably lead to in-service failures. Such
circumstances should only have been accepted where such failures are acceptable on
both safety and economic grounds,

For b) the NDE is being used to establish trends in the process output and thus the
absolute accuracy of the inspection is not critical provided it is reasonably
consistent. The adverse trends in findings can then be used to re-examine the
process controls and reverse the trend in product quality. This is the ideal use of
NDE in a manufacturing environment.

5.2 Lack of full understanding of in-service conditions

This is inevitable because it is not economically feasible to cover all possible
conditions in an engine development. programme.

As a check on components during the declared life it can be used to confirm that the
assumptions made were valid and that no major life reducing factors were missed - by
giving early warning of cracking and damage.

As this is a sampling technique the demands on the inspection are not 100% and so,
provided the techniques used are well qualified, NDE offers a valid way of checking
in-service behaviocur.

5.3 NDE can also be used to extend in-service life on a 'life on condition' basis. Such
an approach demands a high level of repeatability and reliability in the inspection
method - level which arc probably achievable in specific circumstances (eg. where
the incident of known cracking is being followed) but probably not achievable on a
general basis unless a higher risk of failure is acceptable.

6. Conclusion

As the demands of the engine on Components has increased the need for qualitative quality
standards for those components has become evident - both as new and in-service. The
qualitative demands of the designer cannot be met solely be gualitative NDE - they should
be met by relying on enhanced process control supported by trend analysis basis on NDE
rather than setting absolute quality levels by NDE.

fig 6 shows the preferred applications for NDE on this basis.

Wwith such an approach in mind quantitative NDE becomes a feasible proposition as its
results can Le used on a probablistic basis both by the design and manufacturing
engineers.

The papers in this workshop should illustrate the detailed technical needs created by
todays quality requirements and show how far we can rely on inspection results in future.
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BASIC WATERIAL MODEL

All materials are elastic isotropic homogeneous media free from defects.
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Surface Requirements

PACTORS IN ENGINEERING QUALITY STANDARDS

. Permitted Crack Size {mm) .
. Grain Size {mm)

. Macrostructural features {mm) .
. Microstructural features (mm) b
. Inclusions (mm} .
. Porosity (mm}

. Machinery abuse/Surface strain )
. Scratches (mm)

. Dents/Bruising

Sub-Surface Requirements

Ultrasonic Response as standard
Arctificial Dafect (SAD).

- equivalent flat bottom hole size.
Inclusion Sitze
Residual Stress

Defect distribution {within component
and on going)

Microstructure

Fig 5 Factors in Engineering Quality Standards

APPLICATIONS FOR NDE

Role Requiring a probabalistic underscanding of Requiring an absolute understanding
sensitivity and repeatability of sensitivity and repestabilicy

Design Confirming Process Control et quality Lifing based on ‘defect free

Intent levels assumptions’.

Process Monitoring product quality trends Setting quality lev wheye design

Capability intent eaxceeds proce capabliliry.

In-service
Monitoring

confirming calculated design lives

Fig 6 Applications for NDE

Lite extension beyond family
minimum {Life-on-conditioni.
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REVIEW OF EXISTING NDT TECHNOLOGIES AND THEIR CAPABILITIES

Leonard J. Bond
Non-Destructive Evaluation Centre
Department of Mechanical Engineering
University College London
Torrington Place London WC1E 7JE U.K.

ABSTRACT

This paper presents a review of the current and expected future defect detection and
characterisation capabllity for selected NDT technologles: four technologles were
considered; dye penetrants, eddy currents, various ultrasonic techniques and radiography.
It will be shown that no single figure should be used as the detection limit to
characterlise the capablility of a particular NDT technology. A specific NDT technology
or system 1s best characterised using a probabllity of detection (POD) curve and/or
reliabllity of characterisation (ROC) curve. Any evaluation of an NDT technology must
include consideration of the human factors assoclated with its operation. No single POD
or ROC curve 1s adequate to characterise a particular technology as both part geometry
and material have a signigicant impact on pertformance.

With the exception of eddy current technology it would appear that the measured defect
detectlion limits established in the laboratory in the mid 1970's have not been changed
slgnificantly since then. However In recent years there have been significant changes
in the NDT performed in production and inservice,not least through the collection of
some POD and ROC data. Further work 1is required on the statistics used to estimate the
performance capability for NDT. Major advances have been made 1in automation,
instrumentation and systems which are used to implement NDT.

It is to be expected that through the increased use of automation and computer based
technologies the best defect detectior limits for the various NDT technologies, that are
now only available in the laboratory; : performance close to this level, could become
reliably avallable in production and in due course result in improvements in the
capability of in-service inspections for use as part of life-extenslion or retirement for
cause programmes.

1. Intrecduction

This paper presents a review of selected NDT technologles with regard to their
capabllity and reliability to detect and characterise defects in critical aero-engine
components such as discs and blisks (integrally bladed discs), both in production and
after service.

The performance of non-destructive testing is considered both at the time of
manufacture and after service for parts fabricated from powder metals including APl
and with particular consideration given to the needs of the new European Fighter
Alrcraft (EFA).

Various NDT technologies have been considered with the aim of establishing the
current capabllity of each technology; in terms of defect detection capability and
probability of detection rates. The cause of the limits on performance are reviewed
and areas where development can be expected in these and other NDT technologies
within the next 5 to 10 years have been identifled.

The NDT technologles selected for consideration were;

1. dye penetrants, including automated systems.

11. eddy-current and other electromagnetic NDT techrologies.
111. ultrasonic NDT in varlous forms.

iv. radiography.

Thils review considers the application of NDT to aero-engines measured in terms of the
reliability with which any NDT technology can be expected tc perform in production or
in-service and as part of any fracture mechanics based 1ife extension or retirement
for cause programme.

A major review of NDT methods for propulsion systems is given in a previous AGARD
document (1). A varlety of new lifing philosophies are %eing consldered for critical
aero-engine components and these include Damage Tolerance (DT), Fracture Mechanics
based Life Extension and Retirement-for-Cause (RFC). At a more recent AGARD meeting
the complete range of damage tolerance concepts for critical engine components have
been consldered (2) and the proceedings 1nclude some consideration of NDT. There
has ?150 been a growing realisation of the impact of human reliability on inspection
(3)“ .




The current capabllitles of the various selected NDT technologies are reviewed and
compared in general terms in Section 2. Section 3 then presents a summary of the
varlous factors limiting the performance of these specific NDT technologles. The
current and expected developments in NDT capability are considered 1n Section 4.
Some conclusions are provided as Sectilon 5.

NDT Technologies; current capabllity

The literature has been reviewed and material collected so as to establish what
are; i. defect detection limits, aud 1i. the probability of defect detection, for
particular types and sizes of defects, for each NDT technology considered.

The general problem of how to establish a methodology to determine the rellability
of flaw detection by NDT, 1its relation to design, statistics, demonstration
programs and an assessment of inspection relliability has been considered by Packman
et al (5).

The details of the requirements and methods used to validate the capability of a
specific technique or technology applied to a specific problem are outside the

scope of this review and they have not been considered in detail. The general area
of reliability strategies has been considered by Buck and Wolf (6) and more recently
specific models for predicting NDT capability have been developed. (e.g. 7,8,9 and
10}).

In a paper by Comassar (11), in an AGARD monograph on 'NDI methods for propulsion
systems', data was provided which compares the probability of detection (POD)
capability for various technologies which detect surface defects. However no
specific crack lengths are glven and the specific geometry involved 1s not
specified. It may be interesting to note that in this paper it was said that the
NDT requirement for aero~engines 1s to be able to detect 0.01" (254 um) surface
defects. In the same report various additional general data is also to be found.

The most recent paper to be found which gives comparative figures for the defect
detectioncapability for various NDT technologies was by Branco (12). He, in turn,
quotes data collected by Pettie & Krupp (13) and the paper by Branco states that
'NDT is not able to detect flaws with sizes below those quoted in Table 1',

Table 1 gives performance data for NDT on steel and when reviewing the various
published studies it is thils data which is used as a base line. Of particular
interest are the three headings under which the NDT techniques are given; (i) Test
specimens, laboratory inspection, (i1) Production parts, production Iinspection and
(111} Cleaned structures, service inspectlon.

In some sense the data in Table 1 is presented in a simplistic fashion; the data

1s that for 25 mm ferritic steel samples with a surface 63 RMS, there are no details
for the various forms of the technology that were employed, and the geometry
involved is not specified. Alsoc there is no consideration given to the ability to
detect a range of possible types of 1nclusions which 1s ¢f conclderable importance
for the inspection of components fabricated from powder metal.

In my review I had expectedto find that there had been significant improvements in
the NDT limits for defect detection capablility since the data in Table 1 was
prepared in 1974. However, for the laboratory inspection this has not proved to be
the case. If a single number 1s required to characterise the capabllity of a
particular NDT technology, in terms of its detectlion limit these figures can still
be considered to be valid. The significance of this data is considered further in
section 3.

Data from an ENSTP NDT evaluation of NDT capability is given as Table 2. (14} The
data 1s in the form of the preliminary concluslions of the USAF 'ENSIP NDT' study

and it 1s quoted as the detectlon capabllity achleved by the average, of the maJority,
and by the best 10%,of technlclans. Human factors are clearly an important
consideration and need further attention. When the data shown In Tables 1 and 2 is
compared the stated capability for the best in-service MPI and ultrasonic NDT are in
close agreement. The ENSIP study found penetrant to perferm significantly worse
than would be expected from the Table 1 data; however the ENSIP eddy current
performance was much improved and 1t was closer to the laboratory inspection limit
given in the Table 1.

There have been various more recently reported studies in the USA which try and
provide NDT-POD data. (15,16) A great deal of data 1s presented In these documents
and 1t 1s not truly valild to try and extract just single numbers; there are simply
too many varlables involved and these include part geometry. The best detection
levels achieved are close to those given in the ENSIP data, however 1n certain tests
and with certaln groups of inspectors results appear to fall to get even near the
ENSIP levels of performance.
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Less comparative data would appear to be available for radiography in all its forms
using either X or gamma rays. Several groups simply reject radlography as being
unsultable for the detection of tight cracks. The fundamental resolution for
radiographic systems 1s set by the spot slze which for research, has been reduced a
little below the stated detection limit given in Table 1. There have been three
recent major development areas in X-radiography and these are micro-focus, real
time and computerised tomography (CT). (17). Much work has been performed in the
medical filelds which has significance to the NDT community, however the capital
costs for even research instrumentation can be high. Microfocus and projection
radiography are now being used on critical parts in production and in such work the
best systems glve good dimensional measurement capability. These toplcs are
considered further in section 4.

Among recently reported work Norriss (18) considered the performance of the same
eddy current and ultrasonics systems evaluated against both real and artificial cracks.
It 18 clear from this work that the performance of NDT systems, as measured against
real and artificial cracks has significance differences; at a given POD it is
consistantly possible to detect smaller artificlal cracks than real features. In
one eddy current test in plate a 50% POD was achieved for artifical cracks at about
2.0 mm length and at about 4,5 mm length for real cracks and this was by ho means
the largest variation in sensitivity. Similar comments can be made about any size
given in terms of the Flat Bottom Hole (FBH) size as an ultrasonic sizing standard;
a natural defect which gives an echo 1n an A-scan which 1s the same height as that
from a particular size ¢f FBH can be due to a defect with a true geometric size
which may well be significantly larger. The use of the echo amplitude data for
sizing in ultrasonics increases the uncertainty attached to any size estimate given,

In reports which consider the NDE needs for RFC applied to military engines such as
the F100, F101 and F110 King et al (19) state that a detection capability down to
0.030 ineh ( 0,76 mm) surface length 1s required. They claim that eddy current NDT
can rellably detect surface flaws down to 0.005 inch. (0.12 mm or 120 um). They
also comment that the requirement for fluorescent penetrant inspection is to detect
down to 0.030 inch surface length, but that this capability has not yet been
adequately demonstrated The probability of detection for eddy current NDT in a range
of geometries 1is shown as Fig 1 and the POD for fluorescent penetrant inspection is
shown as Fig 2.

There have also been varlious other studies which have given single numbers for 'NDT
detection limit', 1In a Canadian study into damage tolerance based life extension,
(Koul et al (29)), the filgure 1.75 mm was given for '100% detection', In a paper
which reports the AGARD co-operative test program on titanium alloy engine disc
material. Mon and Raizenne (21) claimed that under proper conditions well motivated
people with very special equipment can detect 0.375 x 0.125 mm (0.015 x 0.005 in)
surface cracks with a 90% probability, 95% confidence level. However it is reported
that it 1s more realistic to assume crack size for the detection limit is at a
level of 0.75 x 0.375 mm (0.030 x 0.015 in). In a paper on aspects of small crack
growth James and Knott (22) state that the normal NDT detection limit 1s at about
0.5 to 1.0 mm, although under certain situations perhaps 0.2 mm defects can be
foun . In another place in the same paper the figure of 400um is given for the NDT
detection limit. This figure is also defined as being near the boundary for short

and long crack growth behaviour in high strength aerospace alloys. However in this
work no specific NDT methods are identified.

In a study by Fiorentin and Walther (23) which specifically considered the detection
of small defects in powder metals, the conclusion was that conventional ultrasonics
in powder metal has a detection limit for volume defects set between 500 and 300um.
Using other NDT techniques, neither x-ray or eddy current techniques were reported

to be capable of detecting these defects over the required depth range. Their work
using ultrasonic frequencies between 10 and 20 MHz claimed to provide an improved
capabllity for the detection of ceramic inclusions down to 50um, in 10um grain size
material, with 70% POD. For Astroloy type material if inspections are to be performed
to a depth of 10 mm & pulse centre frequency of 20 MHz is considered optimal. A
figure showing POB for varlous inclusions 1s shown as Fig 3. This detection limit
cannot however be assumed to be valid for any powder metal sample as the base material
grain size has a significant effect in the determination of the detection limits.

The effect of microstructure on ultrasonic noise generation in powder metals has

been investigated by Tittmann et al (24) and equations which can be used to predict
the acoustic noise levels are derived and confirmed with experimental data.

In most studies performance is specified in terms of a 'detection capabllity'. The
problem of the false call, 1.e. giving an indication when there 1s no real defect
present needs further conslderation. Also further work 1s required to consider the
effects of the probability of NON-detection as it 1s this which glves the probability
for the presence for the largest defect with particular characteristics which may be
missed. This parameter 1s central to any fracture mechanics based component life
evaluation; the NDT data for defect type, shape and size needs toc be in a form in
which 1t can be used in fracture mechanics calculations.
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The causes of the limitations for selected technologles are now considered.

Causes of the limitations on NDT performance

When the various studles which consider the detection and slzing capabllity of the
various NDT technologles are reviewed it 1s seen that the laboratory, production
and in-service inspection capabilities are significantly different.

Four fundamental areas can be 1identified as the causes for the limitations on NDT
capablility:

1. The physics of the fundamental interactions.
11. The instrumentatlon which is used.
111. The 1inspection techniques, including human factors.

iv. The defect population; its range of types and slizes, base material
properties and the component geometry.

From an engineering viewpoint (14) the problems associated with the current NDT
technologles have been summar—ised as;

1. Lack of NDT considerations at the design stage.
2. Inadequate 'engineering' of the NDT techniques.

3. Defect detection requirements which are often too close to the
detection threshold.

4. Human factors in the inspection cycle.

The two lists of problems/limiting factors are complementary and are expressing the
same problems from different viewpoints., It is also clear that effective NDT can
only be provided if its requirements are an integral part of the design process.

The 1deal is that there should be design-~-for-~testability; in practice the capability
of NDT and its limitations resulting from design decislons and their implications
for the reliability of inspection need to be gquantified.

It would appear that the major factors which 1imit the detection capability for
laboratory NDT to the levels given in Table 1 are those of the interaction of
fundamental physics with particular defect populations and material properties.
In laboratory measurements the geometry tends to be simple, the surface finish is
good and the quallty of staff 1s high.

In the case of practical work performed in production or in-service conditions it
would appear to be the instrumentation and the inspection technliques, including

the human factors which are much more significant. Also in such situtations the
part geometry 1s more complex and small changes 1n geometry or material can have
very significant inspection implications. The importance of human factors in field
NDT 1s clearly indicated by the data given in Table 2.

In the mid-1970's it was recognised that there was a lack of an adequate science
base for NDT to become a quantitative science, in particular it was necessary to
Improve the reliability of inspections. MajJor progress has slince been made to
correct this through several research programmes including one sponsored through
the USAF-DARPA which has looked at quantitative NDE required to meet aero-space
needs. This work initially concentrated on ultrasonics tut it then expanded to
consider eddy-currents and more recently it has been widened further to consider
most of the other NDT technologies and also a range of new materials. More than
60% of QNDE Research over the last 10 years has concentrated on ultrasonics and it
is in this field that the best science base has now been developed. Major progress
1s now also being made with other technologies.

When any particular technology or system 1s reviewed it is important to understand
what 1t 1s that is limiting the capability of that particular system, technique or
technology.

The 1important area from the point of view of inspection in production and in-service
1s the NDT capability in these non-ideal ewironments, which is seen to be signif-
icantly poorer than in the laboratory. (See Table 1) Three aspects of NDT perform-
ance are important and can be used to measure system performance and these are the
probability of detection, minimum detectable defect and the sizing capability. The
automation of conventional inspection has, in general been found to lmprove repeat-
ability of data collection and hence the POD through the reduction of the uncertainty
inroduced by inspectors. However automation to date has appeared in general, to
reduce the sensltivity of the detection capabllity measured in terms of the smallest
detectable defect.
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If the data shown in Table 1 1s consldered further three sets of NDT detection limit
are shown. When these limits are considered in detall those for laboratory inspec-
tion are found, in most cases, to be clearly linked to the fundamental physlcs.

Ultragonic NDT

For example if the case of the detectlon limit for ultrasonic NDT of 0.12 mm is
considered it 1s found that 1n steel thils corresponds to a defect with dimensions
of one wavelength at 50 MHz or about A/4 at about 12 MHz. For powder metals
significant penetration cannot be achleved much above 20 MHz, and this size feature
would then correspond to a feature with a dimension of 1/5th of a wavelength.

A range of computer based forward scattering models have now been developed which
can predict ultrasonic performance. The best models appear to be those produced
at Ames Laboratory, lowa State University. (Thompson and Gray (10)).

For current NDT practice on turbine discs with conventional equipment and
technigues,ultrasonic limitations diagrams can be produced which can highlight
reglons where poor inspection capability is found in a particular geometry. Such
schemes also enable scanning procedures to be specified. This data then requires

to be evaluated in terms of the complete design and the corresponding service
parameters to give a life for a part,given a particular defect at a specified
locaticn. In many cases when conventional ultrasonlic shear or compression wave
techniques are employed, for finlished components, it 1s the part geometry which limits
the NDT capability.

Eddy current and other EM NDT

This is a technology which has seen conslderable improvements 1in detection
capability in recent years. However many simple problems inveolving cylindrical
coils and simple defects remain analytically intractable.

It is however found that 1t 1s the eddy current skin depth and the probe
characteristics, in particular those of the ferite core material and the ratios of
these parameters with defect dimensions that in general determines detectlon
capability.

To extract more data from eddy current inspectlion multifrequency systems are now
being used. Also some work is in progress to use data collected as & part 1s scanned.
However much work remalns to be done 1f an adequate science base for eddy current
defect interactions 1s to be developed and more quantitative analysis provided.

For the electromagnetic inspection technique known as ACFM two famalles of approximate
theory solutions are available for field-defect interaction and these correspond to
thick and thin skin approximations both defined in terms of the D/8§ ratio, where D

1s the defect depth and § 1s the skin depth. For ACrM the theory is simpler than

for eddy currentsas the problems in general reduce to calculation of the potentials

in a surface skin and hence only involved two space dimensions. (Dover et al (25)).

Radiography

The fundamental aspects of X and gamma - radlography are well established. A full
review of the baslc concepts for high resolution radlography can be found in various
papers including Parish (26).

The most important parameter which can be used to characterise a radlography system
1s its spot size. This is determined by the wavelength for tne radiation given at a
particular energy and the geometry of the x-ray tube and detector employed. Spot

size down to 0.5 mm and now much less are being achlieved. I. is then the detector
geometry and the sensitivity of the film/detector employed, given the number of
photons received which determines detection and resolution limits and the sensitivity.
To reduce exposure time and improve imaging capability for thick metal sections gamma
radiography 1s used.

For the material under examination it 1s the variation in the various absorption and
scattering processes which combine to give the variations 1ln exposure seen at the
radiographic detection system.

If the focal spot for the system 1s used to define an image pixel then the use of
proJection radlography can further imprcve performance in terms of resolution and
alsc increase the radiographic contrast. However some types of defects such as
tight fatigue cracks, at least in some orientations, may not be detected using
conventional radiography.

Beiye”
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When production inspection is consldered inspection time, limits on radiation levels
and part geometry will all limit performance. The most interesting areas for
development are micro-focus radiography and CT scanning.

Forward models for simulated radigraphs have been developed in some fields and CT-
computed tomography system modelling i1s now being developed. The capabllity of
advanced radiographic systems is considered further in section 4.

Penetrant NDT

This famlly of inspection techniques can be considered in two groups; 1. dye
penetrants and 11. fluorescent penetrants.

For both these groups of substances and their related cleaners, removers, developers
and contrast agents the fundamental properties as well as their analysis 1s based in
the field of physical chemistry. There would appear to be no simple parameter which
corresponds to the ultrasonic D/A ratio or the eddy current skin depth & which can
be used as a measure of expected detectlon capability.

The key properties of the penetrants are their low viscosities and thelr abllity to
penetrate into open fine cracks. The second aspect of the technology 1s that
sufficient penetrant will remain in a fine small crack after cleaning and developing
to give elther a dye or a fluorescent indication which can be easily (?) detected by
either an inspector or an automated inspection system. It is interesting to note
that the data given in Table 1 gives penetrant as the technology which provides the
lowest detection limit, at 1.25 mm, when used for in-service inspection. The data
given in Fig 2 clearly indicates the current variability found with this technology.

Imaging systems

The range of acoustic imaging techniques employed in NDE has been reviewed by
Tittmann (27). For all technologles which produce an image such as a B or a C-scan
in ultrasonics, or similar display for other technologiles, in particular those which
employ digital systems, it 1s the 'pixel' or picture element size which sets detection
limits and this is combined with the number of sensitivity levels which can be
resolved within each pixel. A defect smaller than a pixel in size will in most cases
not be seen. False colour is now used to enhance defect identifiction in an image
and this can improve performance. A range of time sequence analysis and inversion
tools can be used to glve data on defect characterisitics. However all systems have
1imits to performance set by the fundamental physics.

Current trends and future developments

With the improved understanding of the NDT requirements and the complete systems
that have been developed, new inspection techniques are being Iintroduced to improve
the probabllity of detectlion and alsoc gilve quantitative defect characterisation.

A series of major research studies continue to be followed in the investigation of
fundamental phenomena upon which the various NDT technologies are based. Work has
now diversified into all the common NDT technologies.

The focus of the more fundamental NDE research 1s changing and projects are now
considering the monitoring of material properties in the fabricatlon process as an
extension of process monitoring or NDT in new materials, metal-metal composites,
fibre reinforced ceramics etc, rather than basic NDT applied to traditional metals.
Alsc work is considering the consolidation of the last decades research achievements
into industrial applications and the introduction of artificial intelligence and
knowledge based systems for data analysis are belng investigated.

The current changes in NDT are to be seen most vividly in the changes in the
instrumentation used in NDT. Analog electronics and systems which require skilled
human manipulation are being replaced with automated inspection, as in the Rolls
Royce 'No Eyes NDT' programme (14). Computers, dilgital systems, automatlion and now
robotlies of all types are increasingly being drawn into use in industrial NDT.
Computer based signal processing, data display and inversion schemes are now being
developed together with artificial intelligence and knowledge based systems.

Probably the most significant change has been the increasing attention and the level
of the funds belng devoted to the development of inspection systems. In particular
early NDT reliabllity studlies had tended to show poor probability of detection
capability in manual inspection systems. The move to automated NDT wherever it 1is
practical in the aerospace industry 1s to be clearly seen. With regard to NDT
equipment requirements the needs highlighted in the ENSIP report are shown as

Table 3.

When these moves towards systems are reviewed it is found that although progress
has clearly been made much of the technology that has been developed still requires
evaluation under field conditions and for the results of such trials to be fully
reported.
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What 1s probably the largest group of new NDT inspection technology has been
developed by the USAP at Kelly Air Force base. These facilities have been reported
to have cost $15M US and were due to ccme into operation in mid-1986. This system
has been reported in several publications (28,29). Although significant evaluation
work has been performed on the system it will be interesting to learn what its
capability is under real inspection conditions when the evaluation 1is performed on
parts that have been in-service. It should also be noted that much of the potentlal
capability which 1s clearly available in USAF Kelly systems has yet to be fully
employed with the field application of the new advanced quantitative NDE defect
characterisation schemes.

All the major aero-engine manufactures have quantitative NDE or NDT improvement
projects in progress. In the UK Rolls Royce have sald that they have made improve-
ments to their NDT in the areas of; real x-ray, penetrant blade inspection,
ultrasonic disc inspection, MFI applied to shafts and various eddy current applica-
tions. uThese developments have been combined under the general heading of'No Eyes
NDT' (14).

In a paper such as this it is probably best to seek to highlight the key elements in
the various technological advances which could form the basis for systems to inspect
EFA components both at fabrication and which would be needed to give data for use in
any fracture mechanics base 1lifelng programme.

Ultrasonic NDT

This nas been the area that has received most research interest for more than a
decade. A wide range of theoretical developments have been made and models of a
range of types can now be used In the design and validation of new NDE technigues.
Current interest is in the extension of theory to cover more complex and rough
scatterers and solve 1lnverse scattering problems.

Central to almost all advanced ultrasonic NDT is the move to computer based systems
which are either mixed analog/digital or completely digital. This new technology
has opened the door to a wide range of improved imaging, lmage processing, signal
processing and inversion schemes (3C). A key area in this change has been the
increased capabllity of high speed analogue to digital conversion. For transient
20 MHz signal capture, a 100 or 125 MHz sampling capability 1is now avallable in
several instruments. The availability of standard ultrasonic transducers which

can operate at frequenclies above 50 MHz has significantly improved the potential
detection capability in high frequency C-scan or acoustic microscopes. Standard
analogue ultrasonic instruments are now avallable which work up to 150 MHz.

Ultrasonic NDT considers data in two ways (27); 1) an image such as in the form of
a C-scan or 1i) analyses of scattered signals. In scattered wave analysis data 1s
extracted from the wave type, magnitude, time of flight or spectra or through the
use of some form of inversion scheme such as Born inversion which gives a defect
size as a number, rather than data in the form of a normal image.

The ranges of slzes of defects of interst for powder metal 1inspection defects are in
most cases small and in the range of 50 to 1000 um which gives scatterers in the mid-
frequency scattering regime for a range of ultrasonic frequencles. Simple imaging
with a C-scan wlll not adequately characterise a defect unless measurements are

made at a very high frequency, where attenuationis higher and inspection depth is
then limited.

When the detection capability of an ultrasonic system is evaluated using the responses
for flat bottom holes signals from '2/64™ holes can be detected quite easily.

However any amplitude based size calibration has its limitaticns as real defects are
found to have acoustic responses which are much weaker than a FBH of the same physical
size. In any particular alloy it 1s the graln boundary scattering which can be
expected to set the sensitivity limit for the system.

Conventional ultrasonic disc scanning would provide a C-scan which records signals
measured on the A-scan that cross various gates that correspond to a spcific volume
of Interest. The number of blts or digitisation levels then becomes a key factor

in the derimination of system sensitivity and dynamic range. Several C-scan systems
on the market are only working to 4 bit resolution.

Given computer based systems and digitised data, improvements can be made to the
system signal-to-noise performance. Most techniques which improve the S:N have
implications with regard to either scan times or computer power needed or both.
Increasing the power to the transducer has been shown to be able to increase signal
levels by up to 12 dB. The use of focused transducers can also provide improvements
in power levels by up to 6dB.

Averaging is found to improve S:N performance by several dB, for example, in theory
if only random noise is present given some 10 cycles an 1improvement of 40 dB could
be achieved. In practice between 3 and 6 dB reductions in noise are achleved by 64
averages; however this does depend on material propertles and grain size. More
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complex techniques such as cross correlation and autocorrelation could be employed.
Given a real system an improvement of the order of 30dB in S:N can be achieved for a
given signal. Various forms of deconvolutlon can also be employed to remove constant
background signals and reduce signals to their impulse response given the optimum
rfilter. Dynamic averaging can be used on course grained materials where the trans-
ducer step is small compared with significant defect sizes and the signals are
averaged in groups of three or more nearest neighbours. Signal processing, such as
deconvolution, 1s also an integral part of ultrasonic spectroscopy.

Many papers have been written on signal processing for NDT; however most systems

in use for englne component inspection at present appear to use simple pulse-echo
measurements and A-scans with sensitive aralog ultrasonic equipment where the record
is a C~scan that shows where signals have crossed gates set at particular levels.
Over the next few years there can be expected to be increased use of digital
ultrasonic instrumentation. New transducer configurations and direct computer based
inversion such as Born inversion or SPOT employed. Both immersion and water Jet
couplant systems are being employed.

It must be stressed that although the use of a digital system to scan parts can
provide improved detection and characterisatlon capability, this can only be achieved,
through an 1increase in the time required to inspect a part. The scanning speed
avajlable with on-11ne A/D conversion is relatively slow, when compared with the
data rates for peak height gate detection achieved in conventlonal analog instruments.

When the ultrasonic aspects of inspection are considered there are three basic types
of ultrasonic NDT that appear to show the greatest potential for aero-space critical
components such as discs and all these remain under investigation.

a. For bulk inspection with improved transducers;

Using broad band or focused high frequency ultrasonics. (10 to S0 MHz). Such bulk
inspectlons can be used to produce an image (C-scan) or individual reflected pulses
can be studies and inverslon schemes such as SPOT or Born inversion can be employed.
The digital systems now being developed with colour graphics systems can give
improved detection capability. The capabllity of the various inversion schemes
which are belng used to characterise small scatterers remains the subject of debate
and further evaluation work is clearly required.

b. For surface 1inspection two specific technologies are under consideration.

These 1involve; 1. the use of leaky Rayleigh waves and 1i. the acoustic micro-
scopic at about 50 MHz. (31); a major part of the contrast in the acoustic
microscope 1s due to the presence of leaky Rayleigh waves, so these technologies
are related.

In the case of leaky Rayleigh waves generated with a compression wave transducer
set at the leaky Rayleigh wave angle, a study which uses about 20 discs with both
real and simulated defects 1s understood to have been performed in Canada to
evaluate the detection and characterisation of the technique, and also to make a
comparison with eddy current methods. This study would appear to indicate that
there 1s considerable potential for thls type of inspection, although the findings
of the work have yet to be fully reported (32).

The acoustlc microscope has been developed significantly as an industrial tool by
GE in the USA (31) to give an instrument working mostly at S50MHz, but it can be used
at almost any frequency between 10 and 100 MHz, and this has the scanning
capability to look at complete discs. This work at GE has taken this technology
from the laboratory onto the shop floor.

One difference between an acoustic microscope and a normal C-scan system used near

a surface has been said to be that the C-scan looks at the compression wave signals
reflected from a particular plane, whereas an acoustic microscope "ooks at a combina-
tion of compression and leaky Rayleigh waves generated at a surface. The compression/
leaky Rayleigh wave interaction is characterised by the V(Z) cuve.

Various other aspects of ultrasonics remain of interest and are areas for development.
In the field of transducers the PVDF and related plastic transducer materials have
considerable attraction in terms of thelr bandwidth capability, however todate thelir
sensitlvity has not been as good as that achieved with conventional ceramics. Work
in the SONAR field may well bring further developments which wil® help NDT and
improved plezoelectric polymers can be expected within 5 years.

Other areas for possible development are the EMATS, laser generated ultrasound to
glve non-contact inspection and the use of phased arays for improved scanning.

EMAT's (Electromagnetic Acoustic Transducers) have now been developed which can
operate up to a frequency of about 5 MHz. The major problem is the generation of a
very high magnetic field in a small volume and the heating due to the high currents
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required to flow 1n fine wires. They are also attractive as they can generate shear
waves, both SH, SV and Compression waves depending on the design used. They are one
of the few practical ways to provide SH waves which have considerable attraction for
use as an inspection wave field, not least because the mathematics used to analyse
the scattering problems is much easler than for SV-C wave problems.

However it 1s doubtful that EMAT's using conventional technology will be available
to operate above 10 MHz within 5 years. The use of superconductivity may provide
the necessary technology, but such ideas have not yet started to be developed.

Laser generation of ultrasound is an area of current work (33). It has considerable
potential for non-contact inspection. Given optical fibre technology using this
form of ultrasound generation and detection 1t may be possible to provide inspection
inside a complete engine in much the same way that an optical inspection can be
performed now. Work 1s in progress to understand,and use both the surface waves and
the bulk waves given using laser generation of ultrasound. This is at present a
laboratory technology, although at least one equipment company has demonstrated a
commercial instrument.

There has been significant interestin the development of phased array ultrasonic
systems. Most of this work has been limited to the inspection of thick steel
sections in the nuclear industry. Todate many systems have operated at low
frequencies and the numbers of elements in the arrays have been limited, not least
because of the complexity of the electronics involved. Complex arrays are used
extensively 1in medical ultrasonics and in the fields of Sonar and Radar. If the
costs can be reduced there 1s potential for the application of this type of
technology in NDT. Linear arrays and simple cylindrical arrays are being employed
in medical systems, but as with nuclear inspection this tends to be at a lower
frequency ( SMHz) than that used in aero-space NDT.

In addition to a vast programme of NDT research for aero-space disc inspections,

a wide range of projects and systems have been developed for power generation
turbine Inspection. This has included work on blade, disc and shaft inspection.
Digital NDT sets have been deveioped in the USA for EPRI (34). One type of system
of possible interest for use on EFA are the rotor shaft bore inspection tocls.
These include heads with a range of transducers connected to a multiplexer and a
computer based data recording system. Similar technology 1s under development in
the UK.

In the 1974 data given in Table 1 it was stated that a laboratory detection limit
for surface cracks in steel using ultrasonics 1s (.12 mm (120 pm) and a production
l1imit of 3mm could oe achleved. Using leaky Raylelgh waves at 10 MHz, cracks of
0.05 mm (50 um) are easily detected on a good surface. When focused ultrasound has
been used on powder metal with a grain size of 10 um ceramic inclusion down to 5C um
can be detected with a 70% POD.

Various defect characterisation schemes such as Born and SPOT (which give type, size
and orientation data) are now avallable for evaluation on real components. Given
improvements in transducers and automated digital instrumentation production ultra-
sonic NDT should be capable of development within 5 years to get close to the 50 um
1limit for reliable inspection of powder metals where the graln size is 10 um or less.
When the system now available at the USAF Kelly Air Force base is evaluated and the
results reported it may be found that this level of performance has already been
achieved in an automated system for use outside the laboratory.

For complex parts the use of robotic systems using non-contact ultrasonic techniques,
leaky Rayleigh waves, EMAT's and laser generated ultrasound all have attractlions and
can be expected to be evaluated.

Eddy Current NDT

Eddy currents have been demonstrated to have a good capability for defect detection
using automated linear probe scanners for disc and blade fir tree regions and
rotating probes for use in bore holes. Eddy current NDT can 1n many geometries be
expected to detect defects with a high reliability down to crack depths smaller
than 0.010 inch (% 0.24 mm) and in some cases to half this figure.

The sclence base for the quantitative understanding of eddy current defect inter-
action 1s weak. Theory based on analytical solutions is limited to symmetric
geometries and non-magnetic (linear) 1sotroplc media with colls made from a single
loop. A summary of much of the available theory has been provided by Tegopoulos
and Kriezis (35). The current state of mathematical modelling for NDT, including
for eddy currents has been reviewed by Georglou and Blakemore (36). Most recently
there has been progress with an exact analytical solution for short air cored coils
near a halfspace provided by Burke (36,37).

Todate 1little has been done to extract more quantitative sizing data from the
conventional eddy current impedance plane displays. Multifrequency instruments
have been introduced and eddy current arrays are being investigated. However most
systems sti1ll use a relative rather than quantitative sizing technique.

A 24
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Further significant improvements in the fundamental scilence base for eddy current
defect interactlion can be expected within 5 to 10 years. Progress 1s being made
by several groups. The complete analytical solutions for many 3-D probe-field-
defect interactions cannot be expected, at least in the short term, but numerical
models and approximate theorles are being developed, although progress does remain
slow.

Major progress has been made 1in terms of detectlion capability using small ferrite
cored probes such as those produced by Rolls Royce (14). In the USA the YIG sphere
has been developed as a sensor at Stanford University and this is under evaluation
by GE, with USAF support.

As with ultrasonics, advanced analog and digital eddy current NDT systems are under
development. Also automated scanning has already significanly improved the detection
capability that has been achieved on real components. Multifrequency lnstrumencs

can be expected to be developed further. New forms of data treatment, eddy current
inversion and data display are all under consideratlion. At present the major problem
is the lack of adequate forward models for the field-defect interactions.

Eddy current systems which employ the Nortec 33 are part of the Kelly USAF base
inspection system. (28) Also as part of this program a range of small probes
are being developed and evaluated. (38) For eddy current inspection the probe
design 13 a cruclal element.

In addition to conventional eddy current NDT there are varlous potential drop
techniques; DC-PD and AC-PD. Significant progress has been made in the application
of ACPD or ACPM to offshore structures. (25) The theory involved in field-defect
interaction is simpler than for conventional eddy currents. It is a technique which
has been extensively developed to monitor crack growth in fatigue studies. Point
contacts are required to measure the potential on the part. As yet 1little data is
avallable to indicate what 1ts detection limit is for the smallest detectable
defect and no POD data is avallable for disc inspectilon.

Two new electromagnetic NDT systems have recently become available. The first
system is made by FN Industries and it 1s designed for turbine disc inspection. The
system uses Nortec eddy current equipment, and Intelledex Robot and DEC computers.
Few detalls have been released but 1ts specification states that 1t inspects discs
with a maximum diameter of 1200 mm and with a thickness of 500 mm. The claimed
inspection capability 1s detection down to 0.8 mm (800 um) surface length.

The second system uses Electric Current Perturbation methods and it has been
developed by Southwest Research Institute for use on non-magnetic super alloys and
evaluated on the F-100 engine discs. The ECP system can be used to scan a wide

range of disc reglons. Traces have been shown with indications from notches down

to 0.22 x 0.05 mm. Good signal to nolse 1s being given for defects of 0.47 x 0.17 mm.

In the data given in Table 1 the eddy current laboratory limit was given as 0.15 mm
(250 um) and the productlon limit was given at 2.5 mm. It has been reported that
using Rolls Royce probes with conventional equipment defects down to 30 thou long
and 10 thou deep (& 0.65 x 0.25 mm) are being detected. A crucial element in
determination of the detection limit is combination of surface state, probe design
and its frequency, and both the materlal properties and the geometry.

Radiography

There have been very considerable advances in radiography in recent years. Much work
has been performed in the medical field and there 1s technology which could be applied
to NDT problems.

Two areas where there have been particular developmerts are in microfocus X-ray and
computed Tomography (CT). This 1s now being developed for limited sector scanning
which has considerable potential for both turbine blade and olisk inspection.

The use of microfocus techniques has reduced the spot size ind projection radlography
combined with new thin solid state detectors has improved system resolution when
compared with the data given in Table 1,

The major developments have been in the sytems which have been produced. A system
XIM; x-ray automated turbine blade 1lnspection system (39) has been developed by GE.
This claims that the goals of 90% probability of detecting flawed blades at 95%
confildence were exceeded when running automatically with automatic image processing.
This sytem uses both digital fluoroscopy and computerised tomography. As yet no
complete statistics are available and a full evaluation in a factory away from the
production team has yet to be completed. It 1is however clear that this system is

a significant development.
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Some of the best quality images of blades available appear to be those obtailred
using a Bio-Imaging Research Inc system known at RADAPT(Y4); which has 16 bit
digital data capture and a range of image processing. This company is alsoc working
on limited angle CT systems. In addition to a range of hardware a computer based
image simulation system 1s available to enable predictions of performance to be
made. Using the limited angle CT there would appear to be potential for scanning
blisks, but it 1s going to depend on specific geometries.

It 1s to be expected that within 10 years CT systems will be used for the routine
inspection of turbine blades. Real time radiography, and digital radiography based
on solid state detectors can be expected to be develped further. A major factor
which may limit their use in NDT is the initial capital cost of a system.

When a CT system 1s used there can be solid state detector widths down to 4 thou
which can give 25 micron spatial resolution. The detection capability for density
change 1s 0.02%. This figure was obtained for CT on a hemisphere of polymer of
about 6" in diameter. This data can be compared with defect detection limits in
steel of 0.5 mm given in Table 1.

Penetrant NDT

Dye and fluorescent penetrant inspection are commonly used inspection techniques
applied to blades and small discs. However as already stated the capability of this
technology can be unreliable. The major problems have been associated with the human
factors involved in viewing each individual blade in a dark room. There 1is a large
uncertainty in the POD due to this human factor. It has been shown that the best
improvements in POD are achieved through the use of several independent inspections.

As in other fields of aero-space NDT automated blade viewing systems are being
developed. Work has been performed by Rolls Royce to glve a system which uses laser
scanning to detect remaining penetrant. Similar work 1s in progress in the USA.

Only limited data has been found which quantifies the performance of the current
automated and semiautomated penetrant inspection. This technology can be expected

to remain in common use for large area 1inspection; the current best practice must
become the norm. In the course of the next few years the varlous completely automated
penetrant systems can be expected to be 1In operation and evaluated.

It has been predicted that the detection of surface cracks, inclusions and large
gralns in forged and cast materials will within the next 5 to 10 years be performed
by automatic systems that will replace humans used for surface inspection in dye
penetrant inspection.

Characterisation of defect populations

As new materials are introduced, in particular powder metals data is needed to
establish expected defect types and their characteristics. Data is needed to
establish possible inclusion materials. Alsoc it is clear that as soon as a
particular class of defects are identifled steps will be taken to change the
production process to remove them. Defects in powder metal material can therefore
be expected to be random in their nature and characteristics.

Conclusions

The best detectlon capability for the varlous NDT technologles available in the
laboratory would in all cases appear not to have significantly improved since the
mid 1970's. However the abllity to apply the technologies in industrial environ-
ments has been significantly improved over the past decade.

The largest single factor which has caused the probability of detection improvement
in industrial NDT has been instrumentation development.

Computer based digital systems, automated inspection and increasingly robotics will
increasingly be employed in engine NDT.

The improved sclence base has also been of importance in the general move from
qualitative to quantitative NDE.

When the various NDT technologies are considered;
Ultrasonics (in all its various forms)

An adequate sclience base for forward modelling is now available for many problems
which involve simplestdefects. For specific systems the ability to make good
predictions of performance is now available. Major developments are expected to be
in the fleld of automated systems, digital instrumentation, sutomated inversion
schemes and possibly through the introduction of artificial intelligence (AI)
techniques. Ultrasonics can be used for both surface and body defects. On powder
metals varlious forms of ultrasonic NDT can be expected to perform well down to
defect sizes of 100 pm and probably down to 50 um (0.)5mm) for defects including
volds, inclusions and open fatigue cracks. Complex gecmetry does introduce
limitations on where 1t can be employed on finished parts. In new materials more
information on defect populations is required.
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Eddy current/other electromagnetic techniques

The sclence base for eddy-current defect interactlon 1s still weak. This 1s an
area of considerable current work. Conventional eddy current instruments display
the impedance plane; such displays and data extraction are not adequate for
quantitative NDE. The use of multifrequency instruments can be expected to be
extended. Improved probes can be expected to be introduced into many systems.

New displays and data extraction techniques which include scanning data are being
researched. Defects down to 30 thou. surface breaking length and about 10 th-u.
deep ( 0.75 x 0.25 mm) and in some cases down to 0.005 inch (0.12 mm or 120 um)
deep cracks can now be detected in many components including where the geometry 1s
complex such as in bolt holes or on blade fir trees.

Radlography

There 1s a well established science base. The major developments here are in the
fields of microfocus systems and the development, and move to use, real time imaging
systems, including those which employ digital image processing. Automated image
analysis 1s under conslderation; however manufacturing tollerances and 1image
analysis tollerances are causing very high defect identification rates. Defect
detection capability depends on contrast between defect and host; definable
detection levels. Computerised tomography can be expected to become routine for
blade inspection.

Penetrants

Completely automated systems which include defect analysis can be expected to be
avallable within 10 years. The current performance is variable; defects with
depths of 0.010 inch (0.24 mm) or less can be detected but the reliability 1s poor.
The best current practice must become the norm. This technology is in common use
and it can be expected to remain a major inspection tool for large areas, but it is
only sensitive to surface breaking indications. There is a lack of a quantitative
science base.
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TABLE 1-Estimated variations in flaw detection limits by type of inspection (in wm) (in Pettit & Krupp,1974).

NOT Technique Surface cracks Intcrnal flaws

Processing Fatigue Voids Cracks

Test specicens, ladborstory inspection

visual? 1.25 0.75 . .
Ultrasonic 0.12 0.12 0.35 2.0
Magnetic particle 0.75 0.75 7.5 1.5
Penetrant 0.25 0.5 + .
Radiography 0.5 0.5 0.25 0.75
Eddy curreat 0.25 0.25 + +
Production parts, production inspection
Visual 2.5 6.0 . .
Cltrasonic 3.0 3.0 5.0 3.0
Magnetic particle 2.5 4.0 * .
Penetrant 1.5 1.5 . +
Radiography 5.0 ® 1.25 -
Eddy current 2.5 5.0 + 3
Cleaned structures, service inspection
Visual 6.0 12.0 . +
Ultrasonic 5.0 5.0 4.0 5.0
Magnetic particle 6.0 10.0 . .
Penetrant 1.25 1.25 + .
Radiography 12.0 * 4.0 *
Eddy current 5.0 6.0 » -

+ Not applicable. +t Use with sagnifer. * Not possible for tight cracks. (Based on 25-mm ferritic steel,
surface 63 RMS,)




TABLE 2

ENSIP NDT Preliminary conculsions - Aerc engine parts

Average Best mm
Magnetic inspectlion POD 60% - .300" crack 65% ~ .250" 6.35
Penetran inspection 90% - .220" 90% - .175" 4,45
Eddy current 90% - .090" 90% - .030" 0.76
Ultrasonic 80% - .375" 90% - .180" .57
Average results obtained from majority of technicians
Best results obtained from top 10% technicians
TABLE 3
ENSIP Requirements for Equipment improvement
Equipment Improved slgnal-noise ratio
Channel attentlon of inspector
to flaws
Provide positive assurances
equipment is performing
intended function
Automate control and
programme functions
susceptible to human error
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Synopsis

Several well publicized engine and airframe failures which occurred in the late 1960 to mid 1970°s time frame resulted in emphasis on
development, application and quantification of nondestructive evaluation (NDE) as oppoud 0 relunce on a “Zero Defecu denm phnosophy As

the use of fracture mechanics as a basis for damage tol and reti ysis of comp

placed on screened flaw sizes, NDE and quantification of reliability. In the late 1970’5 a 1 was d d on the desqn of the
F100 engine which resulied in a series of relati histicated “safety inspections” for selected critical p The Reti for Cause
pmlomhyakocoupledNDEandcomponcmhﬁn‘anxlymwmbhmunwmdeckmulorengme p These activities were

(and are) performed usually after the component designs have been finslized. The establishment of “Engine Structural Integrity Programs
(ENSIP)” ror new U.S. m:ﬁury engine systems has now made NDE considerations an integral part of the design process. Classification of
1 criucal flaw um. material quality, NDE and quantification of inspection reliability are now mcorpomed
m thc mmal design procm and directly i the p deigns Statisticaily based probabilistic ap hes are ! g the
iously used. This paper discusses the relationships of NDE needs and component deslgn in light of the evolution of the

ENSIP approach for u: mrlxm engine component designs.

Background

Nond: i fuation (NDE) requil for aircraft gas turbine engine P had it y been defined afunhe denp\s of those
components have been blished and the engines were in production and operati mmlwenmohnd ing P

imposed uponanendm component, orclassof components, as a result of an xpected op ! To mai ‘ntezy or reduce

costs, an insp q wu‘“‘mdulllupecl mp insp d, allowing the comp 10 be cleared for

d use or dating their repl Often the i 2 qui p d the state-of—the-art of nondestructive

i logy. The plai oftheNDE, jalist was that with no ad notice the required NDE iques were not

labl iring frantic develop and imp jon activity. In response, the engine designer would apologetically state that the particular

was unfy herefore no adv notice could be given, (but please hurry).

The root cause of this dichotomy was the design philosophy in use in the 1960's. This philosophy emphasi ion in engine weight to
maximize thrust-to-weight ratio. Low cycle fatigue was the criteria for lifing purposes, with life exp d as op ‘.,n‘meorcyclucoini«hu
some detectable crack size, usually 0.8mm. Maumls devclopnnm goals were to i the h of ial g higher operating
streases king in weight reduction. Gx 1) ng the ofmeulalloyulsomcrenedtbelawcyclekummckinmmnhfeofme
alloys. Compmnnumdesimdmbem:redmd rq:hced anhn life. Experience has shown h , that i ing the h of a material
often results in a reduction in its resistance 10 crack growth or its damage tolerance capability. 'l‘hnu'endulhmmnc!nmﬁcallyml’we 1, with
example engines plotted for At the time h thmmnotdiepnmarycomm lnspecuonmusedmﬂnmmuhcturm;prooesw
support the “Zero Defects” ph . That is, if hing was found the p d; if nothing was found the component had no
flaws. Inspecti hniques were @ “,notquanuﬁcd Whatmknownmunlywhnmlound not what may have existed but was not
found. The was that i could find anything that might be present - But then, designers and
f didn"t prodt with flaws lnymy,

Severa) well publicized engine and airframe failures in the ing time period ited in a change in this philosophy. Failure of a high energy
(rotating) component in an aircraft engine usually results in catastrophic consequences for that engine. Although most engines are designed to
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Figure 1. Early Design Philosophy Emphasized Inc Material Strength At The Exp of Damage Tolerance Capabylity
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contain biade tauures, rauure of a fan, compressor or turbine disk or spacer results in loss of power, destruction of the engine and often significant
damage to adj Even 2 i ‘Mndcmmwhuolpmrummshmdmwhwhmmmnummphm

for a single engined aircraft. S | integrity of the high energy components in a gas turbine engine is therefore a critical factor in

aircraft safety.

Cooper and Forney (reference 1) reviewed United States Air Force (USAF) engine structural failure incidents over the time period 1962 through
1977. In that fifteen year period 235 accidents were repofted 10 have occurred as a resukt of engine component failures. These failures may be
segregated (Table 1) by component type and engine ion: 73 in fan/comp i 67 in the turbine section; 41 in the combustor section;
39 in bearings and 15 in the augmentor (afterburner or reheat) section. Similar dala exist for commercial engine failure incidents. The principal
causeolmonofzhenhlluresmrepomdwbueulmm" or f ing flaw that ped d ion during the
manufacturing process, or service induced flaws iting from inadeq design, foreign object or handling damage, or a change in the usage of
the engine.

JABLE |

REPORTED USAF STRUCTURAL FAILURE INCIDENTS
IN TIME PERIOD 1962 - 1977*

Engine Section Component Typs Number Total
Fan/Compressor Fan Blades H
Fan Disks 1
Compressor Blades 34
Compressor Disks 9
Vanes 12
Other 12 kt]
Turbine Blades 38
Disks 20
Vanes 3
Other 14 67
Combustor 4
Bearings ¥
Augmentor 15
Total 238

* From Cooper and Forney, Referc.ce 1.

The immediate impact of a faifure is usually well publicized in terms of human tragedy and loss of hardware. The significant economic impact
-—the expense necessary to remedy the cause of failuren— is not often immediately vmble Thu includes the cost of one time, or continuing,

pections of the comp the g of comp and/or the l burden Y to pvevem umihr
failures in the future. When one conﬂderu l.he large number of gas turbine engines in service world wide, the i w0 the
numbe; ol p failures is i The ization of the safety and economic impact of these failures promoted the evolution of the

phy in the design and operation of gas turbine engines. The “Zero Defects™ concept, while admirable, could not solely
stop componem lauures. as the Cooper and Fomey information indicates. To prevent failures from occumn;. the relationship betveen NDE needs

and design had to change from a failure driven, after the fact i ition of on the i ity, to an in ion of NDE
needs while the components were in the initial design phase. The current express-on of this phllosophy for new USAF engine desims is the Engine
Structural Integrity Program (ENSIP) embodied in a United States military standard (ref 2). Adh to this dard assures that

interaction of NDE needs and engine design occurs in the initial design and manufacturing stages with the goal of failure prevention. It is hoped that
the unexpected failure - reaction mode of the past will be minimized, thus both lowering system life cycle costs and improving the state of system
readiness.

F100 Structural Assessment and Retirement For Cause

Two activities which started in the late 1970's will be reviewed here as much of the philosophy and many of the concepts used in damage tolerance

loned

design, and incorporated into ENSIP, were d ped or d ated by these

The F100 engine is an augmented turbofan in the 110 kN thrust class with a thrust to weight ratio of 8 to 1. The engine became operational in the
early 1970's in the F-15 fighter aircraft, and is currently in operational service around the world in both the twin engine F-15, and the single
engine F-16 fighter aircraft. This engine is an axial flow, low-bypuss, high compression ratio, twin~spool gas turbine with an annular combustor and
common flow augmentor. It has a three-stage fan driven by a two-stage, low~pressure turbine and a ten-stage compressor driven by a two-stage
high-pressure turbine. A composite sketch of some rotor components of this engine is shown in Figure 2. This sketch illustrates some typicai rotor
comp: figurations and deli L that is used in this paper.
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Figure 2. Composite Sketch Of Typical Rotor Components OF A Gas Turbine Engine
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In light of the past experiences with component failures of other engines and because of the critical nature of the F100 engine to the USAF's (and
olhorAuFocus)F-is;MF-ls por R« was imp 1o obtain the best possible visibility of that engine’s future structural
needs and comp life exp o

Accordingly, an in depth structural assessmert was performed on this engine by a multi-disciplinary team. The general objectives and process for
that are shown sch ically in Figure 3 (Reference 3).

EVALUATE AND DEFINE J

CUMPONENT S, UCTURAL l ECONOMICAL DEVELOP INSPECTION
LIMITS AND INSPECTION MOO/REPAR CAPABLITY ANO
REQUIREMENTS OPFTIONS RELABLITY
F-15 AND F-18

FORCE STRUCTRAL MAINTENANCE PLANS

Figure 3. Objectives And Major Elements Of Structural Assessment And Retirement For Cause Activities For The F100 Engine

One of the primary objectives was to define inspecti i Y t0 protect the structural safety throughout the anticipated service
life, thus preventing failures. This included identification of compcnents and features to be insp d. when the inspections should be ducted.
what inspection procedures should be used and the attendant logistics impacts. This information was then used to guide the development of the
required inspection capability. A second objective was to blish i modification and/or repair options where it was anticipated they
could be utilized. All of these activities were integrated to form an overall force structural maintenance plan for the engine.

Retirement for Cause is a methodology that allows each component to be used to the full extent of its safe total fatigue life. This methodology allows

use of selected components beyond their classicall lated crack initiation low cycle fatigue life. It also emphasizes the use of NDE and fracture
mechanics for failure p jon, and has provided a means for the yitimate coupling of NDE needs and engine design via probabilistic techniques.
The pi dure has been impl d ior selected p of the F100 engine. This activity was discussed in detail at the 1981
AGARD Specialists Meeting *Mai in Service of HighT p Parts” (ref e 4), and in subseq USAF reports (reference 5).

These F100 engine activities were important in that they formalized the approach and methods now in use to define the relationship of NDE needs
and component design for United States military gas turbine engines. The balance of this paper will discuss this relauonshlp from that perspective

and from within the ENSIP context. Rotating components such as disks, hubs, and ai pacers will be

‘The Design Approach

The overall sequence by which an engine progresses from concept to reality is shown in Figure 4. At every step, lessons leamed feedback to the
detailed mechanical design stage, which is the heart of the process. This feedback can resuh in an alteration of the design \vhnch then proceeds
anew through the p In addition to the ical form, fit and functi ge tolerance is add d at this stage. and
permeates all aspects of the design activity. It is herein that NDE concerns are initially addressed.

STAGE __FEEQBACK
User ml‘-nw
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Development Deeign v-!mu-u Tosts —_—
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Figure 4. Detailed Mechanical Design is The Heart Of The Engine Maturation Process




o

yo -

34

The current component design approach now recognizes that: (1) Damage, such as cracks or crack-like defects can occur despite stringent

Ppreventative actions taken to protect against it; (2) NDE capability exists that will permiz d ion of damage prior 10 comp} failure;
and (3) High energy comp must be designed with adeq idual gth and crack growth capacity 10 preclude failures from damage
i d b heduled mai and/or inspection actions. That damage may result from either manufacturing or in-service related

Manuf; d pically occurs from ial or pr related
mishandling, foreign ohm dzmp (FOD) or low cycle fatigue initiated cracks.

while in-service damage may occur as a result of

Damage from manufacturing defects and fatigue initiated cracks can be minimized by use of damage toi criterion. These criteria are usually

based on fracture mechanics analyses tied to an acceptable initial flaw size which is supported by d d f ing and/or in-service

NDE capability. The acceptable assumed flaw size u My idered to be the llest size which can be reliably detected (found) with
ilable NDE iques for a given comp igurau

The term NDE reliability as traditionally used both a probably of d ion (POD) and a confidence level for a specific aw size: NDE

capability implies both an i i hni lndlu iability. The flaw size established is then used as a starting point for fracture mechanics
I to predict i Ma during crack growth and residual gth ity of a np ‘s f and hence the component.

Component Classification

Early in the design stage (or as a first step in a damage tol of an existing design) ali componens are reviewed for failure
consequences to identify critical p Critical p are those that experk significant binati of centrifugal, maneuver,
presure or gas bending loads, steady state or transient umpemum and vibration. Functional type items such as seals, springs, fasteners and

hanisms are aiso included in the review. The preli Y ion of into classes is based on collective “corporate

| records, experience gained during enpne denlopmn: testing, the Ieaons learned and engineering judgement. The major
(ocus is usually on life limited components, particulariy those in the high energy (rotating) sections of the engine. From this review components can
be classified as either fracture critical or durability critical depending on their failure impact. The classification must also consider the airframe
applications for the engine.

A fracture critical component is one whose failure would likely result in loss of engine power preventing sustained flight as a direct result of the

failure or as a result of progressive events sub: to the failure. High energy rotating components such as disks and spacers are usually classified
as fracture critical as the component failure would probably be uncontained or likely cause failure of other systems that could prevent sustained
flight even in a multi-engi pp i Damage tol requirements are normally only imposed on components which fall into this
classification.

A durability critical component is one whose failure could result in a significant maintenance burden but would not likely result in total power loss
or failure of other systems, or might result in engine power loss but not necessarily loss of flight (in a muiu-engined application).

It should be noted that identical components could have different classifications depending upon a single or mukti ined application. An !
might be a compressor blade whose contained failure could result in loss of power and sustained flight (thus be fncture crmcal) in a single engned
sircrafe, but would be durability critical in & multi-engined aircraft, as flight could be i onthe i gine(s). B of p
confusion in componemt clagsification due to engine application, the term "Mission Critical” is beginni tobeused\nplace offrncmn cnuul A

mission critical component is one whose failure could cause the aircraft to abort its mission, rega of the of engir d. To aid in
the classification of components, Failure Modes Effects Analyses are often performed.

Conceptually, a third classification might apply to those items which hmory and experience indicate do not clearty fit the definitions of fracture or
durability-critical. For these items, reliance is placed on the f, jon using such techni as statistical process control to ensure
integrity. This class of components could include certain types of seals, lasunels or fitings which are replaced in the normal course of engine
refurbishment, or whose demonstrated life greatly ds system requi

At this point in the design sequence, specific NDE needs for the components have not been identified. a5 the classification is based on failure
After blishing the classifications, low cycle fatigue and fi ing of the p takes place.

1t is at this time that preliminary NDE needs are esublished. Should these preliminary NDE needs exceed current or anticipated state-of-the~art
NDE capabilities, some r ign of the comp or comp feature may be required.

Design Quality Assumptions

A of for d i is predi d on the nption that initial defects can exist a: all life limiting component features.
Therefore, workmg stress levels are established that will enable their fracture mechanics residual life to meet the required life goals. Defects of
concem are of two types: (1) Surface flaws which are linear imperfections in the form of a break, fissure or other discontinuity on the surface of the
component. A surface flaw is characterized as having a depth and a length. (2) Subsurface flaws which are internal (; i called embedded or
volumetric) material defects in the shape of an irregular void that is open or partially healed. The void may contain or conform to matter that is
inhomogeneous with the surrounding material (such as an inclusion). Subsurface flaws are characterized as having an equivalent planar diameter
based upon inspection technique and comparison to a known standard.

Often the term “near surface” is used to describe a flaw that is located close to the surface of a component, but is not contiguous with that surface.
This type of flaw is 2 subsurface flaw: The terminology has evolved the i hniques which detect near—surface flaws are usually
those used for surface inspections, and because of the inability of most subsurface inspections to reliably detect anomalies within 1 mm of the
surface.

Assumed initial flaw sizes are based on defined mtnnSIc material defect data, known f ing mi uctural p Limitati md/or
demonnmed reliability of destruyctive insp hod: ployed during f: ing. Nondestructive i hod:

nployed during f: ing include visual, florescent penetrant, eddy current and magnetic particle techniques for surﬁce flaws and ullrasomc
and x-ray for subsurface flaws. For some components, proof loading may also be a viable techni for f: ing (and in-service)
inspections. Variations of these techniques can be used for both surface and subsurface inspections: examples include ultrasonic surface wave
inspection for surface defects on airfoils, magnetic particie inspection for surface and near surface flaws in ferromagnetic materials, and proof
loading for very small surface or subsurface flaws.

anledgeoflhecapabihﬂesofﬁwNDE hods is required the nuﬂalﬂavmesmmbebmdonmetypeofmspemontobe
used during f g of g i of the engine comp In addition to the insp hod, the means of performing
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the inspection should be known. meelypaolmwuonmeammuannyackmwledgedmmulmrﬂhe pection device is d by
hand and the interpretation of resuits is by the i P 3 ic, where insp device ing may be d but
interpretation of resuls is op dependent (or the ) or d, where ing of the inspection device and inspection
accept-reject criteria are preprogr d. Typical mini initial flaw size assumptions for flaw types and inspection means are listed in Table 2

for generic component features.
TABLE 11

MINIMUM INITIAL FLAW SIZE ASSUMPTIONS

Faw Inspecuon Primary
Flaw Type Conligurstion Means Flaw Size NDE Technique
Surfece Flaw Surface Manual 0.39aun Depth Penetrant/
(Smooth Features) Crack X0.76mm Length Bddy Cumrent
Corner Manual 0.38mm Depth Pefetrant/
Crack X0.38mm Length Eddy Cusrent
Surface Flaw Surface Manuat 0.38mm Depth Penscrant/
(Notched Festures) Crack X0.76men Longth Eddy Cwrent
Surlsce Auomated 0.13mm Depth Eddy Current
Crack X0.25mm Length
Corner Manual 0.38mm Depth Penetrant/
Crack XO0.38mm Length Eddy Current
Cornws Awomated 0.13mm Depth Eddy Current
Crack X0.13mm Length
Subsusfsce Flaw d 0.42mm Ulrasonic
Crack/Void Diamstar* 10
1.19mm Dia.
* Depanders on material and configuration.
Deterministic Lifing
Flaw | jon and ori i i are a function of the particular system used to calculate life. Two methods are currendy used.
Deterministic lifing systems utilize smue valued inputs or assumptions, and result in a smgle valued outpu( of predicted life. Deterministi . given
an initial flaw size, a crack geometry, a specified stress and P and the approp ial crack growth rate model, a single value of life
will result. Usually, mean input values are used and the hing predi D a typical life. Factors can be applied to establish desired life
other than typical. Obviously, assuming all worst case input values will produce a conservative life. In deterministic life calculati the flaw is
assumed to be of a size, located and oriented in the component or feature, 5o as to produce its most rapid growth. No credit is taken for incubation
life; the flaw is d to grow i diately upon the p peration in service. NDE reliability is not an input in the life calculation, and

does not directly influence the life prediction, other than to determine the assumed starting crack size. NDE reliability may be used subsequently in
performing an of risk in hing the calculated life.

Probabilistic Lifing

Probabilistic lifing sy utilize 3 bination of dlu based statistical distributions of the lif lling variables and computing techniques to
predict a dmnbwon of I:ves for a specified p of p Simulati hniques are most often utilized because closed-form
Iytical g for all the influenci b i ble. Simulation i construction of a mathematical model of
the enure system (componem life cycle) in terms of i istical events g the various elements of the system. The variables
wh:ch affect component life are quantified in terms of probability distributi These distributions might include inherent material quality, crack
behavior, crack propagation behavior, stress and temp variability, usage variability and NDE variability. More sophistication can be

added in the form of sequencing of failure sites or fleet aging. By randomly sampling from each of the input distributions, calculating a life from
each sample, and then repeating this process a sufficient number of times, an output distribution of the desired resolution can be obtained. For
example, if an output resolution of 1 in 1000 is desired, 10,000 sample calculati might be ducted. Monte Carlo techniques are
computationally efficient for these types of analyses.

Probabilistic iques enable the designer 1o for occurrence of ial mi tutal lies as well as the actual inspection
probability of detection associated Im.h the initia! flaw size assumption. In the probabilistic approach. the entire probability of detection curve for a
given inspection is used, as opposed to a single point such as the 90% POD at 95% confidence used in the d inistic flaw size \ption.

Figure § illustrates reliability curves for two inspection processes which have the same probability of detecuon at a given size mrface ﬂaw Whue one
could state that for an initial flaw assumption based upon demonsirated reliability either p is q! for determini the
predicted in-service component life could vary considerably. This is due to the shape of the curves. Using probabilistic techniques, this difference
in shape can be accounted for, and may impact the assumptions used in the component design. In fact, the design of the component could be
changed to enable less costly inspections to be performed, or 1o increase service intervals. Because >f the options available to the designer,
probabilistic approaches are preferred in that a more realisti ion of p ial flaws, their occurrence, and their affect on component life
capability will resuk.

Component Inspectibility
As the entire premise for d: h is based upon preventing failure from prior or service induced flaws, and nondestructive inspection is

used to detect these flaws, it follows that component inspectibility is a prime design concern. Therefore, fracture critical components or features
thereof, are subclassified as in~service inspectible, or m-service noninspectible. This classification Imptcts the initial flaw assumpoons used to

evaluate damage tolerance, and the criteria used in designing and lifing comp In-service insp I £ ly must have a
mwponhﬂfewhuhex«edsmdemamumsymmufebymehm In-service i ibl 8 lly must have a flaw
growth life which ds the desired propulsion system interval by some factor. As synzm mamtemnce intervals are usually a portion
o(dne:qncudsyuemurvbeuh.d\emedmlhvmfwmhmmcﬁbkmmmfumnmybehrm\han for an
in-service noninspectible component or feature. In-service i P f have initial flaw size assumptions which reflect
manufacturing NDE capability, while in-service inspectible features utilized a bination of facturing and mai NDE capabilities.

An example of an in-service noninspectible component feature might be a disk bore or rim area. In the manufacturing process, subsurface flaw
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Figure 5. The Shape Of The NDE Reliability Curve Is Accounted For in Probabilistic Life Analyses

inspection is normally ducted using ul it with the disk in & semlﬁmshed shape Thzs ifinished shape is optimized for
insp "ility.Aﬁer learing this insp Lhediskix"“ hi ‘lnlhe ished hil ion, the bore or rim areas are not
b pectible o the required ivity, theref bseq i i for subsur{ace flaws would be impossible.
(Author’s Nole Progress is being made in ul ic i i hnology which will ulumalely allow this type of inspection on finished

both in f ing and mai The bore and rim areas of the disk would therefore be classified as in-service

nonmxpecuble for subsurface flaws and perhaps require more stringent initial flaw size assumptions and thus more sensitive NDE capability to meet
the damage tolerance lifing criteria. Certain types of bonded joints could also fall in this category.

Surface flaw inspection is g lly possible for all fea of a disk using peneuan( or eddy current techniq In-service inspection for surface
d i i i but unless the confi p inspection access, very few surface features would be

flaws may require sophisti
classified as in-service nonmspecnble

Maintenance/Inspection Intervals

To minimize life cycie costs, it is desirable to have no in-service inspection requirements during the engine design lifetime. However, to design all
Iracture critical components to enable an in-service noninspectible classification could impose significant engine weight penalties. In-service
ible comp | { are usually designed such that flaw growth life is at least twice the engine design life. Therelore, the in-service

nomnspecuble classification should be reserved for components or features which cannot be reliably reinspected at the engine maintenance facility.
For most components, the design approach would be expected to result in an “in-service inspectible” classification.

Inspection intervals for fracture critical comporients are predicated on a safety limit established by fracture mechanics analyses. The safety limit is
the service time (or cycles) beyond which the risk of p failure is idered 10 be ptably high if corrective action, such as an
in-service inspection, is not taken. This limit therefore does not usable life or retirement limits; but does represent a limit on

a service interval where an inspection should be imposed to prevent p ial p failure. These inspection intervals are then interacted with
other maintenance concerns to establish overall engine force Structural maintenance intervals. lterations may be required to optimize the

component design and NDE capabilities to obtain maintenance interval goals.

It is desirable to have p idual crack growth lives (safety limits) be at least twice these inspection intervals for in-service inspectible
features. This requires that the largest assumed flaw not grow to failure in two times (2X) the planned inspection interval. The relationship of safety
limit and inspection \nlervll is lllustraled in Figure 6. Use of factors less than two is possible, but should be done on an individual component or
ble risk and review of available redesign options.

feature basis predi d on p
herefore determined by component classification. and for a fracture critical component by it's inspectibility

The frequency of inspections is

W-SERVICE INSPECTIONS

FanvRe L

FLAW

FLAW SIZE

MANUFACTURING

Time (e servce Me

Figure 6. Relationship OF Safety Limit And Inspection Internal
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in~service. For components classified as in-service
Meunn ilthecompommorsymm life is to be extended (Rauremem IotCausa) For components classified as in—service inspectible, inspection is

quired during f; and st the completion of one design

d during fy and at pietion of each mai or ion interval. The factor relating residual crack growth life and
ummmmhnu“edd»pmpopmnmnpnmdu.meﬂeaanfetyhctorhnrmu, ion against in the life analysi
and also protects against failures from material property variations where crack growth rate may be fasier than the mean.

Geometry Considerations

Design are ad ished to ider inspectibility when ng with specific NP [{ Particul is called to radii and
holednmrs Selecnonofdnlargcstpncllcxlholedlmmrolunmﬂmm_, pectibility as does selection of a larger fillet radius for &
difficult 10 access location. Al2mmdhnmrholeuusnrtomsp¢ctﬂun:6mmdumﬂerhou These guidelines not only result in improved

inspectibility, but often reduce concentrated stresses, with subseq lifing benefits. In some locati ona p these i i are
easily adhered to. Most often, other functional criteria require promise of pure ingp ility iderati This makes it imperative that the
designer be knowledgeable of NDE capabilities or have NDE I readily available. Damage tol phasize the imp

of this interaction. Design reviews, where each feature of each p is ined are an ia) part of this process.

Examples of typical sites and the flaws that can occur in engine rotating components (disks, hubs, shafts and seals) are shown in Figure 7. For most
of these flaw types, penetnm or eddy cunem inspection methods are usually used. In the case of subsurface flaws, ultrasonic inspections are used.
Recent develop in iques now allow in-service inspections for some smooth geometry features such as portions of
disk bores and webs. Flaw reject hn-uts are based upon the detectabie flaw size, the residual crack growth life and the maintenance (or inspection)
interval.

Orain Siot/Bslance Cut

Knife Edge Seal
-

LG ST

Antirotation Window 1
SN

Internal Flaw

Figure 7. Examples Of Typical Flaws And The Geometric Locations Where They Occur in Rotating Components

This paper has emphasized NDE and p design relati ips for high energy rotating components such as disks, hubs and airseals. Airfoil
sections can also be treated in a similar manner, however, the presence of vibratory stresses must be accounted for. The usual approach is to limit
the assumed initial flaw size such that the faw, if present, would not grow under the anticipated vibratory stress field. For those cases where the

flaw size is smaller than demonstrated NDE capability, redesign may be required.

Joints or bonded structures are also treated in the same manner. Again, appropriate material properties and NDE capability must be used.

A final deration in the relati ip of NDE needs and component design is the use of surface treauments. Shot peening, coldworking. and
coatings affect inspectibility. In the manufacturing process, inspection can be conducted prior to the surface treatment. However, in-service
inspections could be difficult if the sumce treatment is not removed. Where surface treatments are to be used in manufacturing, the designer must
consider the impact on in-service inspection p and techniq for the eff d

P P

Summary

The use of damage tolerance concepts in design has integrated NDE needs into the design process. These needs are now addressed as an integrai
part of establishing component designs, and directly mﬂuence those designs. In addition to utilizing d k materials in satisfying low cycle
fm.ue and fi hani llfe qui g must reflect realigic NDE limitations and capabilities, prov\de for (good)
pectbility, and add: f g and ia) ing i i Despite initial misgivings, experience has shown damage tolerance can
be achieved with little welght penalty. 1'here is every mdicauon dm unexpected failure occurrences wi’ be reduced as a result. The evolution and
lication of d pts for US military aircraft engines was e d by the i ion of the Engine Structural Integrity
Progum (ENSIP) by the USAF. This program has also been effective in defining the relationshi of NDE needs and component design.

In developing 8 pp h for application of damage tol pts within the AGARD Community, the USAF ENSIP nandard could

be used as a ref . It does adds the basic requi and i y in .,,l “safe” design. Thelppmachshou!d
address what is required, not necessarily how it is to be obtained. Byddnnhu flexibility in ing req will be maintained and options in

the methods used will be allowed. It is the author’s contention that probabilistic methods are the opti means for ad ing NDE in
the design process.
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SUMMARY

This paper reports the results of a demonstration programme carried out to determine
the influence of the sensitivity and reliability of nondestructive inspection (NDI) tech-
nigues on the damage tolerance based life assessment of aero engine turbine discs. The pro-
gramme was carried out on the 5th stage compressor discs of the J85-CAN40 engine, made from
the AM-355 atainless steel. The sensitivity and reliability of several NDI techniques, in
detecting service induced low cycle fatigue (LCF} cracks in the disc bolt hole regions, are
assessed on the basis of detectable crack sizes at 90% probability of detection (POD) and
90% POD with 95% confidence level. The NDI techniques examined are the liquid penetrant
inspection (LPl) technique, a manual eddy current inspection (ECI) technique using two gain
settings and an ultrasonic leaky wave (ULW) techniqueé using an automated C-scan system.

The safe inspection intervals (SlIs) for the 5th stage compressor disc are calculated using
deterministic fracture mechanics (DFM) and probabilistic fracture mechanics (PFM} princ-
iples. These calculations involve the use of the NDI data, finite element analysis and the
experimental fatigue crack growth rate (FCGR) data generated on compact tension specimens
machined from discs.

The results indicate that the manual ECI technique with a high gain setting and the
automated ULW technique are the most sensitive and reliable in detecting LCF cracks. The
percentages of false calls for the sensitive ECIl and the ULW techniques were measured to be
2.4% and 0.6% respectively. The demonstration programme suggests that the guidelines for
the assumed initial crack length (aj) values provided for LPI, ECI and ultrasonic tech-

nigues in the United States Air Force Military Standard MIL-STD-1783 are tooc optimistic for
widely used manual NDI procedures.

The results demonstrate that the sensitive ECI and the ULW techniques yield the
largest SII values when the longest crack missed and the detectable crack sizes at 90% POD
and 90/95 POD are substituted for a; values in DFM calculations. 1In all cases, however,

the SII values are too short for the damage tolerance based life prediction to be cost
effective.

The PFM analysis, on the other hand, which randomly uses the distribution of unde-
tected crack sizes for a given NDI technique to choose an ay value for fracture mechanics

calculations, demonstrates that the worst case combinations of a; and FCGR do not occur

during 7000 disc simulations. The PFM results also indicate that it may be possible to
obtain cost effective SIIs if the sensitive ECI and the automated ULW techniques are used.
However, the behaviour of short cracks would have to be characterized prior to obtaining
usable PFM based SIIs.

1. INTRODUCTION

Damage tolerance based life prediction (DTLP) procedures are receiving attention for
establishing turbine disc design life limits in new engines anc. for extending the usable

service lives of discs whose life limits have been established conventionally(l's). The
concepts have already been considered for several new generation engines, including the
F100-PW-220, F110-GE-100 and F109-GA-10 engines. They have also been applied to existing
engines such as PW F100, GE TF34 in the US and to GE J85-CAN40/15 in Canada for extending

the usable service lives of discs(5),

In theory, DTLP procedures assume that the fracture critical locations of a component
contain cracks of a size just below the detection limit of the nondestructive inspection
(NDI) technique. The crack is then assumed to grow during service in a manner that can be
predicted by linear elastic fracture mechanics or other acceptable methods, until a
predetermined dysfunction limit*is reached beyond which the risk of failure due to rapid
crack growth becomes excessive. The rates of crack growth and the dysfunction crack sizes
are established analyticallv based on best estimates of service loads and material

*Note dysfunction crack size is not necessarily a critical crack length for catastrophic
failure.
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properties. The time or number of cycles required to grow the assumed crack (ai) to its
dysfunction size (‘d) is then used to define a safe inspection interval (SII) usually by
dividing the life to dysfunction by a safety factor of 2(6) | This 1ife cycle management
concept is illustrated schematically in Fig. 1 which shows that at the end of one SII, all
components are inspected and crack free components are returned to service for another SII
and the procedure repeated until a crack is found. In this manner, components are retired
on an individual basis when their condition dictates. In order to implement the DTLP
procedure of Fig. 1, it is imperative to determine the detection limits of the candidate
ND1 techniques and to ensure that the selected NDI technique does not miss a dysfunction
crack size under any circumstances. The United States Air Force (USAF)} MIL-STD-1783 speci-
fies that initial flaws shall be assumed to exist as a result of material manufacturing and
processing operations and these flaw sizes shall be based on the intrinsic material defect
distribution, manufacturing process and the NDI methods to be used during manufacture of

the component(7).

In practice, however, the SI1 is computed either by using deterministic fracture

mechanics (DFM) or probabilistic fracture mechanics (PFM) approaches(s'a'lz). The DFM
approach assumes that an initial flaw size a; already exists in the critical location of a

component, where a; is defined as the maximum crack size that might be missed by the NDI
technique used(7). Fracture mechanics analysis is carried out to plot the curve of worst

case crack size (a) versus the number of fatigue cycles as shown in Fig. 1. The cyclic
stress intensity factor (AK) ahead of the crack tip is given by:

AK = A¢YXna (1)

where ) is a factor that depends on the crack shape, structure and gradient of stresses and
Ac is the stress amplitude. Assuming that stable fatigue crack growth conditions prevail,
the fatigue crack growth rate (FCGR) is given by:

da _ n
an = C(4K) (2)

where C and n are experimentally determined material constants. Upon substituting for &K
from equation (1) in eqguation (2) and integrating, the number of fatigue cycles (Ng)

required to grow a crack from the assumed initial size a; to the dysfunction size ay is

given by:

=

ag n
=—1 __ 1 (a)? da (3

Claa/m)" ay

Ny

However, the DFM approach can be overly conservative since SII is calculated by using worst
case values of n, C, Ao, aj and ag, where:

N
=9
SII = 3 (%)

It has been suggested that the worst case situation for each and every variable in equation
(3) may never occur in real life and these assumptions therefore impose unrealistic

constraints on SII calculations(13.14),

The PFM approach also uses deterministic equations (1) to (4) for calculating a SII
but input parameters such as a;, ay, C, n and Ao are treated as random variables with known
or assumed distributions to generate a N4 distribution curve(10.12,13) Therefore, rather

than calculating a single SII value and using a safety factor based on good engineering
judgement, a range of SIIs is calculated and appropriate values are selected to maintain a

sufficiently low but cost effective failure probability (F)(ls). For example, the observed
scatter in gﬁ in equation (2) could be simulated by random variation in C where C is
assumed to show a log-normal distribution(lo),

or log C = Gau(u_,S.) 5
where He depicts the mean and Sc is the standard deviation. $Similarly, a normal Ac
variation can be represented by:

80 = Gau(m, .S,,) (6)
where u, .  represents the mean and S,, is the standard deviation. Finally, the a; and ay
distributions can alsoc be assumed to be log-normal,
or log a = Gau(ua,sa) (7}
where ., represents the mean and 5, is the standard deviation. The number of cycles (Ny)
required to propagate a; to a4 can be represented by:

Nd = f(C,Aa,ai,ad) (8)
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Equations (5) to (7) can be combined with equation (3) to generate an Ny distribution and a
SII value can be picked from this Ny distribution at an appropriate failure probability,
such as, for example 0.1% F. It has been suggested that in accordance with the central
limit theorem, a large Ny data base will follow a log-normal distribution providing a
single random variable does not dominate the product of the variables in equation (8)(16).
The log-normal N, distribution is represented by:
enN_-); 2

1 1 4 1

£(Ng) = —— exp [-3 (——] |

IanNd

where 1; and { are related to the mean and standard deviation of the variate. Some

researchers, on the other hand, prefer to use a Weibull distribution for N4, because it is
independent of the underlying distributions of the random variables and biased theoretical
opinions are less likely to influence the overall results. The equation for the Weibull

diatribution is of the form{17);

(9)

N, 8
F(Ng) =1 - exp ~ [+~) (10)

where n is the characteristic life and p is the slope.

Whether DFM or PFM approaches are used to calculate Ny, equations (3) and (8) clearly
indicate that Nd predictions will be strongly influenced by the crack length values used
for a; and a4. Usually a single (worst case) ay value is specified for a given batch of

components using the best estimates of service loads and material properties. In contrast,
the a; value chosen for calculating Ny through equations (3) and (8) will depend upon the

detection and sizing capabilities of the NDI technique used to inspect the components.
This dependence requires that a number of NDI techniques should be quantified in terms of
crack detection capabilities (sensitivity) and reliability (probability of detection) in
order to select the most suitable NDI technique for implementing the DTLP procedures for a
given set of components. One way of assessing the suitability of a given NDI technique is
through a statistically valid demonstration programme.

In a demonstration programme, a statistically significant number of flawed and flaw
free parts are inspected by NDI procedures that essentially duplicate proposed maintenance
inspections and statistically significant crack growth rate data bases are generated on
coupons or components in environments that duplicate the engine operating environment. The
essential elements of a demonstration programme involve the assessment of the sensitivity
and reliability of various NDI procedures for selecting a; values and performing fracture

mechanics calculations for predicting SIIs. The objectives of a demonstration programme
are to assess the feasibility of implementing DTLP procedures and to use the predicted S5II
values for selecting the most cost effective NDI technique for a given set of components.

This paper presents the results of a programme that was conducted to determine the
influence of the sensitivity and reliability of several NDI technigues, available for
detecting turbine disc bolt hole cracks, on DFM and PFM based SII predictions for J85-CAN40
Sth stage compressor discs. The NDI technigques evaluated included the conventional liquid
penetrant inspection (LPI), manual eddy current inspection (ECI) and an ultrasonic leaky
wave (ULW) inspection carried out in an automated C-scan system.

2. EXPERIMENTAL, MATERIALS AND METHODS

J85-CAN40 5th stage compressor discs were selected for this demonstration programme
because a large number of retired discs, containing service induced cracks, were available.
In all cases, the low cycle fatigue cracks initiated in the tie bolt holes and then grew

radially inward towards the bore of the discs{6). The discs are fabricated from AM-355
material, a precipitation hardened martensitic stainless steel.

2.1 FRACTURE MECHANICS TESTING

To generate a crack growth data base for use in DFM and PFM calculations, FCGR testing
was performed on compact tension (CT) specimens machined from retired 5th stage compressor
discs. The CT specimens were machined as close to the bolt holes as possible. In order to
simulate the fatigue crack growth behaviour of service cracks, the CT specimens were
machined such that the direction of crack propagation through the specimen was radial
towards the bore of the disc. This orientation is illustrated in Fig. 2. The geometry of
the CT specimens is illustrated in Fig. 3. The CT specimen met the ASTM standard E-647

minimum size recommendations in all dimensions excepting the specimen thickness(18) The
specimen thickness was limited by the minimum disc thickness in the bolt hole regions. The
CT specimen required a precrack of 6.67 mm and had a valid final crack length of 17.6 mm.

These crack lengths correspond to a AK range of 30 to 85 MPa /i at a stress ratio (R) of
0.1. The CT specimen also met the elasticity requirements of ASTM E-647(18)




v

e
“»>

e T,

4-4

The FCGR testing was carried out at 200°C in the laboratory air environment using a
sawtooth waveform at a freguency of 1 Hz and an R value of 0.1. The maximum applied
load was 1 kKN. The 200°C testing temperature was selected to simulate the disc service
temperature and a sawtooth loading cycle was selected because it was deemed more severe

than a comparable sine wave form{19) . an automated direct current potential drop technique
was used to monitor the crack length during the testing and the details of this technique

can be found elsewhere(zo). The data acquisition time for the potential drop technique was
limited to 1 second per reading in order to eliminate creep contributions to crack growth.
Six CT specimens from the same disc were tested.

2.2 NONDESTRUCTIVE INSPECTION AND CRACK VERIFICATION PROCEDURES

Ten severely cracked, 5th stage compressor discs were used in this study. Each disc
contains forty bolt holes which are used to assemble the compressor section, Fig. 4. These
discs had been inspected by qualified NDI personnel at the engine overhaul and maintenance
(EOM) facility using a production LPI technique with a 30 minute dye penetrant soaking per-
iod (called LPI30). The LPI maps were supplied for further analysis. All discs were sent
to the Aircraft Maintenance and Development Unit (AMDU) of the Canadian Forces for labora-
tory nondestructive inspections. Two sets of inspections were carried out by qgualified NDI
personnel using conventional LPI as well as the manual ECI techniques. Two AMDU technic-
ians certified at Level II in LPI carried out the inspections in accordance with the

MIL-STD—6966(21), Type I, Method D specifications using 45 and 60 minute dye penetrant
soaking periods (called LPI45 and LPI60 respectively). The crack lengths were measured
with a digital readout vernier caliper with an accuracy of $0.02 mm.

The manual ECI at AMDU was also carried out by two technicians certified at level I.
The ECI was conducted using a Nortec Reichii instrument equipped with a 4.76 mm diameter
rotating probe scanner (3000 rpm) which is specifically designed for fasterner bolt hole
(4.84 mm diameter) inspections. The ECI unit operated at a test frequency of 500 Hz and at

this frequency, the maximum eddy current penetration depth for AM-355 material is m6mm(22).
Two gain setting levels were used for ECI. One inspector used a gain setting of 2 (called
ECIZ) whereas the other inspector used a more sensitive gain setting of 5 (called ECIS).

In the present investigation, however, the eddy current signals were not processed to size
the cracks. Only an indication of whether a crack existed or not was noted for each bolt
hole.

A further inspection was carried out on all discs using an ultrasonic leaky wave (ULW)
technique, which is described in reference 23. This method is not an approved NDI
technique for crack detection in engine components but it was felt that the technique had
potential for detecting disc bolt hole cracks. The inspections were performed automatic-
ally using the California Data Corporation C-scan system at NAE, which produced an image of
cracks indicating the location and the size of the cracks. The compressor discs were
mounted on a turntable immersed in a water tank and a 10 MHz (25.4 mm focal length) probe
was positioned at ~20° to the surface of the disc for sending and receiving the ultrasonic
waves. The disc was rotated while the probe moved radially towards the bore until the
required area of the disc was covered. The ULW inspections were performed by two students
who were trained for approximately one month on the instrument. The students did not have
any formal training in NDI and the C-scan images were individually interpreted by the
students.

After the nondestructive inspections were completed, the material surrounding all bolt
hole areas were cut out into coupons as shown in Fig. 5(a). The bolt hole coupons in
which cracks were detected by ULW were pried open along the crack faces, Fig. E5b, allowing
crack lengths and crack geometries to be measured by scanning electron microscopy (SEM),
Figs. 5(c) and 5(d). The remaining coupons were mounted in bakelite and mechanically
polished for examination under an optical microscope. Care was taken to avoid excessive
grinding which would efface small corner cracks. Again, the bolt hole coupons, where
cracks were detected optically, were pried open along the crack faces and the crack lengths
were measured by SEM. Finally, all remaining bolt hole coupons were broken out of the
bakelite mounts and fractured in accordance with the procedure shown in Fig. 5(b). It was
felt that an embedded crack would not be visible optically, and if a crack was indeed
present, then the bolt hole coupon would fracture along the embedded crack surface. There-
fore, all fractured bolt hole coupons were examined by SEM and a typical thumbnail profile
with some fatigue striations ahead of the thumbnail (usually showing dark fracture surface
due to service exposure) was considered as a service induced crack, Fig. 6. This procedure

revealed approximately 100 additional cracks that were not detected optically(24).

3. RESULTS AND DISCUSSION

In order to calculate a SII through DFM or PFM analysis, statistically significant
information must be available on:

(a) sensitivity and reliability of NDI techniques used for detecting cracks, i.e. a
maximum a; value for DFM calculations or an aj distribution for PFM calculations,

(b) FCGR data, i.e. da/dN scatterband as a function of AK.

{c) operational loads, i.e. AK varying as a function of crack length for the component,




(d) dysfunction crack size, i.e. ag. and
(e) a typical engine mission profile.

A dysfunction crack size, ag, of 4.5 mm was specified for the 5th stage compressor
disc bolt hole cracks by the engine manufacturer(4). This aq limit was apparently derived

on the basis of fracture mechanics testing, vibration analysis and field experience(4).

Between aj and ag, however, the stress distribution ahead of the crack tip would be

expected to change since disc dimensions and the distance between the crack tip and the
disc rotational axis are continuously changing. A three dimensional finite element stress
analysis was therefore carried out on the 5th stage compressor disc where the disc was

assumed to rotate between zero and 16,500 rpm(zs). The stress distribution ahead of the
crack tip of a bolt hole thru-crack was then computed under plane stress conditions. The
values of AK computed in this manner for various bolt hole crack lengths have been plotted
in Fig. 7, where 8K is noted to increase with increasing crack length.

The FCGR data from CT specimens showed a large amount of scatter, Fig. 8. The Paris
relationship, Eq. (2), was fitted to the data using a least squares method of linear
regression. The mean line equation was found to be:

R = 2.0 x 10712 (ax)3-18
where AK is in MPavim. The conditional standard deviation (Sy/x) was calculated in order to
account for the scatter in FCGR results. Figure 8 shows a mean solid line drawn through
the data points and two parallel dashed lines drawn at %3 conditional standard deviations
of log C (~0.0711) from the mean line. The upper bound of the scatterband was calculated
by drawing a line parallel to the mean line at +3 conditional standard deviations and the
equation for the upper band was found to be:

m/cycle (11)

da +(3x0.0711)
an - 10

da
or aﬁ

x 2.18x10" 12 (3x)3 18 pcyele

3.16

= 3.497 x 10712 (ax) m/cycle (12)

In order to determine aj values for DFM calculations, the longest crack missed (ai

longest) by each NDI technique was noted, Table 1. The longest crack missed by the ULW
technique was 1.48 mm in length whereas the LPI techniques missed cracks that were 3.69 to
4.33 mm in length. The most sensitive ECI technique (ECIS5) detected almost all cracks
above 1.27 mm in length although it missed one crack that was 2.7 mm in length. 1t will be
recalled that the ECI in this study was carried out manually and it is likely that the 2.7
mm long crack missed by ECIS could be due to an operator error. The less sensitive ECI
technique (ECI2), on the other hand, consistently missed cracks longer than 4 mm. The USAF
MIL-STD-1783, however, provides an approximate guideline for selecting a; values stating

that 0.8 mm and 0.4 mm uncovered surface flaw length should be assumed in the case of LPI
and ECI/ultrasonic techniques respectively(7).

The USAF MIL-STD-1783 also recommends that the selected a; value based on the NDI
method used to inspect the component should be demonstrated to have a POD and confidence

level of 90% and 95%, respectively(7). In order to determine the POD as a function of
crack length for our NDI data, the crack lengths were grouped into intervals since only one
inspection per crack was performed for a given NDI procedure. Several crack length inter-
vals between 0.2 mm and 1 mm were tried and the best compromise between the number of crack
length intervals and the maximum number of cracks contained in each interval was obtained

for a crack length interval of 0.5 mm{26) . The POD data points were calculated by dividing
the number of cracks detected in a given crack length interval by the total number of

cracks contained in that interval. Following the suggestion of Berens and Hovey(27), the
middle of each crack length interval was assigned the calculated POD value rather than the

maximum crack length in that interval. For reasons explained elaewhere(zs), a log-logistic

curve was fitted through the POD data points using the equation:
exp (BO*B1 lnai)

Py = T exp(B, %8, tna) (13)

where Pi ig the POD value for a given crack length interval, ﬂo is the slope parameter and
i varies between 1 and n;. where n; is the total number of crack length intervals used to

plot the POD curve. The curve fitting procedure involves the transformation of (Py.a;)
pairs into a regressible format of the form:

Y1 = a + ﬂxi (14)

where Y; = log(P;/(1-P;}] and %Xy = log(a;} and « is the intercept of the regressed line.
In aituations where all or no cracks are detected within a given crack length interval, P

is given by {1/(n3+1)] or [n;/(n;+1)] respectively) {27}, '
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The POD data for LP130, LPI45, LPI60, ECI2, ECIS and ULW techniques were regressed in
accordance with equations (13) and (14) and the mean log-logistic curves are plotted on a
linear scale in Figures 9, 10, 11, 12, 13 and 14 respectively. Additional regression
analysis was performed on ECI5 data assuming that the 2.7 mm long crack missed by this
technique was an operator error (from now on depicted by ECI5*) and this crack was consid-
ered detected while analyzing the NDI data. The mean POD versus crack length curve for
ECIS* is presented in Fig. 15. A set of a; values was picked from Figs 9 to 15 at 90% POD.

These 90/mean a; values are compared with the longest crack missed data (ail st) in
onge
Table 1. There is no direct correlation between ail o ¢ and 90/mean ay, although for a
onges

given NDI procedure, both methods of selection yield similar aj values, Table 1. It
should, however, be recognized that the 90/mean a; value is a reflection of the sensitivity

of a given NDI technique because this value indicates that 90% of the cracks, i.e. a large
proportion, of this size were detected in the demonstration programme. The smaller the
90/mean a; value, the more sensitive is the NDI technique. It is therefore evident that

ECI5 proved most sensitive in detecting LCF cracks (90/mean a; = 1.65 mm), closely followed

by ULW (90/mean a; = 1.85 mm), whereas LPI technigues were less sensitive (90/mean a; =

3.45 to 3.75 mm), Table 1. Out of all LPI procedures examined in this demonstration
programme, LPI60 was marginally more sensitive than LPI30 and LPI4S.

However, the calculated a; value at a given POD or POD as a function of crack length
for a given NDI procedure are known to show statistical variations from one demonstration

programme to unother(26'27). These variations arise from a number of uncontrollable
factors such as the ability and the attitude of the inspector, material type and component
geometry and the location, orientation and the size of the flaw. Standard statistical
methods are therefore used to plot confidence bounds on top of the mean POD data and a
lower 95% confidence POD line is used to asseas the reliability of various NDI technigues.
The closer the 95% confidence line to the mean-POD line, the more reliable is the NDI tech-
nique. Following similar logic, the smaller the aj value at 90} POD with 95% confidence

(90/95 ajy) the more sensitive and reliable is the NDI technique.

A number of distributions were used to calculate the 95% confidence bounds on the mean
log-logistic POD curves presented in Figs. 9 to 15. The distributions tried included the
F-distribution, the normal distribution, the student t-distribution and the binomial
distribution. Results comparing their suitability for realistically describing various
types of NDI data can be found elsewhere(26). In the present investigation, however, the
normal and the student t-distributions resulted in the 95% confidence bounds that were
cloger to the mean POD curves for longer crack lengths relative to those given by the
binomial and the F-distributions(26). The criterion for selecting the most suitable
distribution for computing the 95% confidence bound is based on the closeness of the 95%
confidence-curve to the mean POD curve at longer crack length values. This procedure is
considered to be a realistic approach. It is logical to assume that the larger the crack
size, the higher should be the chance of its detection. Between the normal and the
student~t distributions, the 95% confidence bounds were closer to the mean POD line in the
case of the normal distribution(ZG). The 95% confidence bound in the case of the normal
distribution was determined by:

POD95% confidence ~ PODmean * 1.96 Sy/x (15)

where 1.96 is the normal standard variate for a confidence interval of 0.95 and Sy/x is the
conditional standard variance({26} This assumption leads to a lower bound 95% confidence
curve which also takes a log-logistic form with the same slope as the mean POD line but
with a different intercept value in equation (14), Figs. 9 to 15. A set of 90/95 a; values

was picked from Figs. 9 to 15 and these data are compared with the ail ¢ and 20/mean aj
onges

values in Table 1. It is evident from Table 1 that a 90/95 a; value for a given NDI proce-

dure ig considerably larger than the respective ailon ¢ and 90/mean aj values. It is
ges

also clear that the ULW technique appears superior to the ECI5 t“echnique when compared on
the basis of combined reliability and sensitivity, i.e. the 90/95 a; for ULW is 2.90 mm
versus 4.10 mm for ECIS5. However, assuming that the 2.7 mm long crack missed by ECI5 may
have been an operator error, the ECI5* technigque comes out to be more reliable and
sensitive than the ULW technigue, Table 1.

Having compared the reliability and sensitivity of various NDI techniques, the follow-
ing sections describe their influence on DFM and PFM based SII calculations for the S5th
stage compressor discs.

3.1 DFM ANALYSIS

A number of "worst case” fracture mechanics calculations were performed to determine

N4y values upon selecting different a; values from Table 1, i.e. aj ., 90/mean a; and
longest i

90,95 a;, for various NDI techniques and allowing the cracks to grow up to a predetermined
ag limit of 4.5 mm. Each Ny calculation was performed in a stepwise fashion using a
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computer programme. The initial stress intensity range (3K;) was computed for a selected
ajvalue from Fig. 7 and the AK was allowed to vary from AK; to the dysfunction stress
intensity (&K4) in 2MPaym intervals. The upper bound crack growth rate equation (Eg. (12))

was iteratively used in conjunction with Fig. 7 to calculate the cumulative number of
fatigue cycles (Ng} required to grow the disc bolt hole crack from a; to ay. In order to

convert the deterministic Ny data into engine operating hours, the calculated Ny values
could be divided by a factor of 3 to 5 since it was previously established that 3 to 5

major throttle excursions can occur per flight hour in the J85-CAN40/15 enqines(e). The
number of fatigue cycles to dysfunction computed through this procedure were further
divided by a safety factor of 2 to obtain the SIl's.

The SI1I's computed in cycles, using different inspection procedure: and a; selection
criteria, are compared in Table 2. It is evident that all aj selection criteria yield

extremely low SII values in the case of LPI30, LPI45, LPI60 and ECI2 techniques. In fact,
when a 90/95 a; selection criterion is used in DFM calculations, the SII's equal zero in

all four cases because 90/95 a; values are greater than the predetermined ay values of 4.5
mm, Table 1. Using the 90/95 a; selection criteria, the longest SII obtained was of the
order of 1623 cycles for the ECIS* technigque.

The SII's calculated on the basis of ail ot and 90/mean a; were of the same order
onge

of magnitude for all NDI procedures with the exception of ECIS, Table 2. The deviation of
ECIS from this general trend is caused by the single incident of missing a 2.7 mm long
crack. The longest SII's (2285/2293 cycles) were obtained for the ECIS* technique upon

using .il N and 90/mean a; in the DFM calculations.
onges

3.2 PFM ANALYSIS

The primary aim of the PFM analysis was to simulate the consequences of missing a
crack during inspection and/or of material degradation during service. 1In this paper,
however, we will only present the PFM results dealing with the consegquences of missing a
crack. A computer programme, using Monte-Carlo simulation technique, was written to
perform the analysis and the flow diagram of the programme is presented in Fig. 16.

The programme used LCF cycles-to-crack-initiation (also known as time-to-crack-
initiation (TTCI)) distribution as a starting condition because TTCl provides an identifi-
able crack for inspection by state-of-the-art NDI techniques and it also permits the use of

fracture mechanics models for propagating the crack from a; to ad(ZB)_ In addition, the

crack initiation as well as the crack propagation life of a disc is completely utilized
through this approach. A Weibull distribution with known 8 and n values (similar to that
represented by equation (10)) is used to describe the TTCI distribution of the high strain
LCF damaged discs. The programme randomly chooses a TTCI value for a disc from the
specified Weibull distribution, Fig. 17, and simulates the NDI of the disc. Since, by
definition, the disc contains a crack approximately 0.8 mm in length at TTCI, the NDI
simulation for a given technigue is performed by comparing the POD value at a specified
confidence level for a 0.8 mm crack (Figs. 9 to 15) with a computer generated uniform
random number between the values of 0 and 1, which represents the probability of missing a
crack. If the random number generated is smaller than the POD value, then the crack is
detected and vice versa. In practice, however, if a crack is detected in a disc during
inspection it will be retired and for this reason the simulations indicating crack
detection were not used in the PFM analysis. 1If the crack at TTCI goes undetected by the
NDI simulation procedure, the programme randomly sizes the crack, i.e. a;, using the

experimentally determined log-normal distribution of the crack sizes undetected by a
particular NDI technique, Fig. 18.

Although, intuitively, one would expect the crack to be 0.8 mm in length at TTCl, an
estimated crack length of 0.8 mm by a given NDI technique could actually be considerably
different if the crack is measured accurately with the help of SEM. In fact, linear
regression analysis between NDI estimated and SEM measured crack lengths was carried out on
results from four of the six NDI techniques during the course of this demonstration
programme, Table 3 and Fig. 19. The ECI2 and ECI5 techniques were excluded from this part
of the programme since they did not estimate a crack length but simply indicated whether a
crack was present or not. Given an NDI estimated crack length of 0.8 mm, the measured
crack lengths were assumed to vary normally about the mean and these normal distributions
were computed by using the conditional standard deviation across the mean regressed line in
Fig. 19. The measured crack length distributions for an estimated crack length of 0.8 mm
are plotted in Fig. 20 for LPI30, LPI4S, LPI60 and ULW techniques. The t95% confidence
bounds of the measured crack lengths for an estimated crack length of 0.8 mm, using dif-
ferent NDI techniques, are also presented in Table 3. In the case of LPI30 and ULW tech-
nigues, the SEM measured 195% confidence bounds for an NDI estimated crack length of 0.8 mm

are seen to vary from a negative to a positive value. It is obviously not possible to have
a negative crack length but, theoretically, this is a solution since the normal distribu-
tion extends from negative to positive infinity. Given this type of a statistical guide-
line for determining the size of an undetected crack at TTCI, the random use of 'the
undetected crack size distribution’' was considered more appropriate for PFM analysis. This
is because, first, all cracks have a positive length, secondly, statistically significant
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data bases were available for all NDI techniques including ECI2 and ECIS, and thirdly it
provides a common basis for simulating the uncertainties associated with various NDI tech-
nigues. In addition, the use of the undetected crack size distributions as a starting
condition for PFM analysis would always be best suited for simulating the behaviour of new

discs, thus making the programme more versatile(29)

Having determined an a; value, the programme computes the 8K; from Fig. 7 and allows
the crack to grow from 8K; to &K4 in 2 MPa/f intervals. To calculate Ny, the programme

uses the experimentally determined da/dN versus AK scatterband, Fig. 8, in a random
fashion. The crack growth rate equation is randomized following the method proposed by

Yang and his co-workers(30.31) guch that:

log gﬁ =2 + log C + n log AK (16)

where Z is a normal random variable with zero mean and a standard deviation equal to the
conditional standard deviation of the log gﬁ in Fig. 8. For simplicity, 'n' is assumed to

have a constant value (e.g. 3.16 for the 5th stage compressor discs, see equations (11) and
(12), for all discs and the scatter in da/dN is taken into account by varying 'C’' from one
disc to another. Typically, in 100 computer simulations da/dN varies between t2 condition-
al standard deviations. The programme finally subtracts the original TTCI low cycle
fatigue cycles to yield purely N4y data that can be compared with DFM results. The Ny data

computed for a large number of discs are sorted numerically and given a cumulative proba-
bility plotting position using both log-normal and Weibull distribution functions. Both
least squares and maximum likelihood lines are drawn through the cumulative probability of
failure data to calculate the correlation coefficients for the PFM generated Ny distribu-

tion. Finally, the computer programme calculates a SII at 0.10% F using the Weibull or the
log-normal distributions.

It will be recognized that, while generating an Ny distribution through PFM analysis,

a sufficient number of simulations must be carried out to adequately represent the distri-
bution. Therefore, a stability and convergence test was carried out where 10, 50, 100,
200, 500, 1000, 2000 and 5000 simulation runs were repeated a number of times and a statis-
tically significant SII data base was generated for each type of simulation run. A normal
distribution was then fitted through each set of SI1 data in order to determine the mean
and the standard deviation for the SII. If the mean SII values are close to one another
for all simulations, the data indicate good convergence whereas very small standard devia-
tions about the mean indicate good stability. It was found that 5000 simulations gave
stable SI1 estimates and the maximum likelihood S1is converged better than the least
squares estimates. Above 500 simulations, however, the least squares SII estimates also
showed good convergence.

A total of 7,000 simulations were carried out for each NDI technique using the mean
and the 95) confidence POD data in separate computer runs. All N, data bases were plotted

in accordance with the Weibull and the log-normal distributions and the least squares lines
were drawn through the PFM generated data to determine the SII values from these plots.
Typical Weibull and log-normal plots for LPI60, ULW and ECI5* are shown in Figs. 21, 22 and
23 respectively. The results of all PFM simulations are presented in greater detail in
Tables 4 and 5. These tables list the number of cracks missed by each NDI technique, the
least squares line correlation coefficients for the Weibull and the log-normal distribu-
tions and the SII values at 0.1%F. It is evident from Tables 4 and S that LP! and ECI2
techniques missed the greatest number of cracks followed by the ULW technique whereas the
ECI5 missed the least number of cracks of all NDI techniques. As expected, the number of
cracks missed by a given NDI technique increases significantly when 95% confidence POD data
is used instead of the mean POD data in PFM simulations. These data therefore indicate
that for a crack length of 0.8 mm the ECI5 technique is more sensitive and reliable than
any other technique considered in this demonstration programme.

A comparison of the correlation coefficients for the Weibull and the log-normal
distributions in Tables 4 and S5 indicates that the Weibull distribution provides a slightly
better fit to the Ny data bases in the case of LPI30, LPI45, LPI60 and ECI2 techniques. 1In

contrast, the log-normal distribution marginally fits the data better in the case of ULW
and ECI5 techniques. These observations suggest that the underlining log-normal distribu-
tion for the undetected crack sizes is not unduly biasing the overall Ng distribution, thus

proving the randomness of the PFM analysis in this demonstration programme.

The highest SII values were obtained for the ECIS5 techniqie, closely followed by the
ULW technique, whereas the SI1 values were considerably lower for ECI2 and LPI techniques,
Tables 4 and 5. This is because ECI5 and ULW technigues primarily miss a large number of
smaller cracks which results in smaller a; values, and in turn a larger number of fatigue

cycles are required to grow the crack from the randomly chosen a; value to a fixed aq value

of 4.5 mm. In contrast, the LPI and ECI2Z techniques miss a large number of longer cracks
thus decreasing the number of fatigue cycles required to grow a large a; to a fixed ag. It

should also be noted that the mean and the 95% confidence POD data do not appear to infiu-
ence the SI1 values significantly, Tables 4 and 5. It will, however, be recogniged that
the 95% confidence POD data only increases the number of cracks undetected relative to the
mean POD data during PFM simulations, whereas the same ‘'undetected crack size distribution’
is used to size the cracks in both cases. Therefore, as long as a statistically signifi-
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SII values for a given NDI technique.

The PFM results also indicate that for a given NDI technique, the SII value computed
on the basis of the log-normal distribution is considerably larger than the value predicted
on the basis of the Weibull distributjon, Takbles 4 and 5. This discrepancy arises from )
force fitting the log-normal distribution which does not take into account a number of data :
points with lower Ny values. In contrast, the Weibull distribution takes the whole data

base into account while predicting a SII value.

cant number of cracks go undetected in both cases, one should expect theue similarities in }
i
t
]

4. CONCLUDING REMARKS

Traditionally, a binomial distribution has been used to specify the confidence bounds

for POD data because it is said to provide an optimum fit to the experimental results(32) .
The major problem with the binomial distribution in terms of the type of inspection data
generated in the present work, i.e. one observation per crack, is related to the fact that
the confidence bounds are significantly influenced by the number of cracks contained in a
crack length interval, Fig. 24, and therefore the method used to choose this interval. In
addition, the USAF 'Have Cracks Will Travel' NDI programme on aircraft structural compon-

ente(27), where multiple observations per crack were carried out, demonstrated that cracks
of the same length could have different POD values. The binomial distribution on the other
hand assumes that a specific crack length will always reveal the same POD for a given NDI

procedure. Because of these limitations Berens and Hovey(27) concluded that a log-
logistic curve was the most suitable method for describing POD data. Having used the log-
logistic POD analysis method in the present work, it was found that the 90/mean and 90/95
a; values for the most sensitive NDI techniques, e.g. the ECIS and the ULW, do not even

come close to the a; guidelines provided in the USAF MIL-STD-1783, Table 1. The USAF

MIL-STD~1783 suggests that uncovered surface flaw lengths of 0.4 mm shall be assumed to be
preaent in the case of the ECI and ultrasonic inspection techniques. The smallest 90/mean
and 90/95 a; values, 1.25 mm and 1.7S mm respectively, were obtained in the case of ECIS5*

assuming that the 2.7 mm long crack missed by the manual ECIS technigue was the result of
an operator error. It is therefore likely that the ECI5 technigue would have to be auto-
mated to reliabily obtain the a; values listed in Table 1 in a production environment. It

may also be possible to use more sensitive probes in the case of the ECI technigue in order
to obtain smaller 390/mean and $0/95 a; values. Increasing the eddy current probe sensitiv-

ity could, however, lead to a greater number of 'false calls'. In this demonstration
programme, the ECIS technigue resulted in the maximum number of 'false calls' relative to
the other ND! techniques considered, Table 6.

The DFM analysis indicates that ail N and 90/mean aj criteria yield similar SII
onges
values for a given NDI procedure, Table 2. On the other hand, USAF MIL-STD-1783 suggests

that, from a reliability point of view, the 90/95 ay criterion should be used for SII

calculations and this criterion is shown to reduce the SII values dramatically for all NDI
techniques, Table 2. It could, however, be argued that once an engine is disassembled at
inspection, the discs can be inspected as many times as deemed necessary to meet a specific
reliability requirement. Under these circumstances, therefore, the use of the 90/mean aj

criterion may prove to be a better choice since it would yield a longer SII value. Use of
the 90/mean a; criterion is feasible only if the inspection procedure is fully automated

because the inspection costs for a labour intensive technique could otherwise prove
uneconomical.

The DFM calculations alsc indicate that out of all NDI techniques, the ULW and ECIS*
technigues yield the largest SII values (2000 and 2300 fatigue cycles respectively), lable
2. However, depending upon the operational role of a military engine, a safe inspection
interval should typically be of the order of 4000 to 8000 cycles for the DTLP procedure to
be cost effective. These results therefore indicate that the DFM based SIIs may not prove
to be cost effective in the case of J85-CAN40 engines. In contrast, the PFM results in
Table 4 suggest that cost effective SI1Is can be obtained provided that either the ECIS or
the ULW techniques are used to inspect the discs. The large differences in the DFM and PFM

predicted SII values simply reflect the fact that the worst case combination of a; and gﬁ,

used in DFM calculations , did not occur during 7000 disc simulations in any PFM computer
run.

However, the PFM predicted S1I values, listed in Table 4, should not be accepted at
face value. This is because the a; distributions used in the PFM calculations (Figure 18)

comprise of a large number of short cracks and, for simplicity, we have assumed that the
growth rate of the these short cracks can be depicted by the CT specimen data within the
Paris regime of crack growth. There is now increasing evidence to show that short crack
behaviour differs considerably from long crack behaviour and that evaluation of lifetimes

based on long crack data can be nonconservative especially at lower stresses(33)
Therefore, the front end of the PFM computer programme used in the present analysis,

Fig. 16, would have to be modified to incorporate a short crack growth rate model instead
of the TTCI data base. Assuming that an appropriate analytical model along with a atatis-
tically significant short crack growth rate data base are available to meet these require-
ments, an engineer is still faced with the dilemma of drawing a boundary condition between
the short and the long crack, i.e. when does a short crack begin to behave like a long
crack.
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Table 1: Comparison of a; values selected for use in DFM
calculations using different selection criteria.

a; values in mm
NDI
Technique longest at 90% POD at 90% POD from log-
crack from mean log- logistic curve with
missed logistic curve 95% confidence
LPI30 3.98 3.75 6.40
LPIA4S 4.33 4.25 8.35
LPI60 3.70 (0.8) 3.45 6.20
ECI2 4.43 5.60 >10.00
ECI5 2.70 1.65 4.10
ECIS* 1.27 (0.4) 1.25 1.75
ULW 1.48 (0.4) 1.85 2.90

*asguming that the 2.7 mm log crack missed by ECI5 was an operator

error.

{ ) A guide for selecting a; values from MIL-STD-1783 prior to

in-service verification.

Table 2: Influence of the sensitivity and combined
sensitivity plus reliability of NDI
techniques on DFM based SII calculations.
SI1 in cycles using different ay selection

NDI
Technique a, 90/mean a; 90/95 a;
g llongest / b / i
LPI130 183 278 [
LP145 53 80 0
LPI6O 295 4405 o]
ECI2 20 0 0
ECIS 815 1773 135
ECIS* 2293 2285 1623
ULW 1973 1989 695

* Agsuming that the 2.7 mm long crack missed by ECIS was an

operator error.

Table 3: Correlation between NDI estimated and SEM measured crack lengths for different

NDI techniques.

Regression analysis results for estimated ¥Measured crack length in mm
versus measured crack lengths for an estimated crack
NDI (8peasured = slopexayp+ intercept) in mm. length of 0.8 mm.
Techingque
Mean Conditional
Line Mean Line Standard -95% +95%
Slope Intercept Deviation Mern confidence confidence
LPI30 0.470 1.460 1.05575 1.84 -0.23 +3.91
LPI45 0.760 1.220 0.85384 1.83 +0.16 +3.50
LPI&0O 0.820 0.660 0.59043 1.32 +0.16 +2.48
uLw 0.990 -0.200 0.55908 0.59 -0.51 +1.69 AJ

s

|
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Table 4: The PFM analysis results for 7000 simulations using a Weibull

distribution to calculate SII at 0.1% F Ng.

No. of cracks Safe inspection Least squares
undetected upon interval in correlation
NDI using cycles upon using coefficient (rz)
Technigque
95% 95% 95%
Mean confidence Mean confidence Mean confidence
POD POD POD POD POD POD
LPI30 6140 6787 1740 1871 0.95 0.94
) LP145 5822 6721 1627 1584 G.85 0.94
) LPI6C 4695 6069 2374 2282 Q.96 0.94
t ECI2 4929 6211 1554 1491 0.96 0.93
i ECIS 1503 3066 4465 4615 0.87 0.89
. ECIS* 1514 2326 4685 4768 0.87 0.87
i ULW 3801 5620 3652 3580 0.92 0.91

* Assuming that the 2.7 mm long crack missed by ECI5 was an operator error.

Table 5: The PFM analysis results for 7000 simulations using a log-normal
distribution to calculate SII at 0.1% F Ng-
No. of cracks Safe inspection Least squares
undetected upon interval in correlation
NDI using cycles upon using coefficient (rz)
Technique
95% 95% 95%
Mean confidence Mean confidence Mean confidence
POD POD POD POD POD POD
LPI3D 6140 6787 3397 3606 0.94 0.94
LPIA4S 5822 6721 3215 3175 0.93 0.93
LPI60 4695 6069 4139 4199 0.94 0.94
ECI2 4929 6211 3046 3052 0.94 0.91
ECIS 1503 3066 6961 7121 Q.88 0.89
ECIS* 1514 2326 7235 7321 0.87 0.88
uLw 3801 5620 5846 5893 0.92 0.93

* Assuming that the 2.7 mm long crack missed by ECI5 was an operator error.

Table 6: The 'false calls' data for all NDI techniques.
ND1 % gg%sgfcgé%gxistent cracks detected
Technique =
Total no. of cracks present
LPI3O 0.9
LPI45 0.0
LPI6O 0.6
ECI2 0.9
ECIS 2.4
ULW 0.6
t
3
é
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Fig. 1. Schematic representation of the

damage tolerance based life
prediction methodology for discs
where fracture mechanics is used to
predict a safe inspection interval.

CRACK ORIENTATION

Fig. 2. Orientation of the compact tension
specimens as machined from the
J85-CAN40 S5th stage compressor
discs.
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Fig. 3. Geometry of the compact teasion
specimen used to generate fatigue
crack growth rate (FCGR) data at
200°C.
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Fig. 5.

bolt holes.

Destructive procedures followed for
measuring the crack lengths: (a) a
coupon with a V-notch prior to fracturing the specimen through the

crack; (c} a typical example of a crack front, ard; (d) an example of
multiple crack initiation sites.

Fig. 4. A photograph of the 5th stage
compressor disc showing 40 tie

2

' ' \—)

prying the cracks open and
typical bolt hole coupon; (b) a
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Fig. 6.

Scanning electron micrograph
showing the typical thumbnail
profile of a crack that was

missed by all NDI techniques.
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Three dimensional finite
element analysis results
the 5th stage compressor
showing stress intensity
varying as a function of
length. (Ref. 25).
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the manual eddy current inspection
technique using a high gain setting
(ECIS).
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Fig. 9. Probability of detection data for the Fig. 10. Probability of detection data for
liquid penetrant inspection technique the liquid penetrant inspection
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Fig. 11. Probability of detection data for Fig. 12. Probability of detection data for
the liquid penetrant inspection the manual eddy current inspection
technique using a 60 minute dye technique using a low gain setting
penetrant socaking period (LPI60). (ECI2).
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LES DEVELOPPEMENTS A COURT TERME DES CONTROLES
NON DESTRUCTIFS APPLICABLES AUX PIECES DE TURBOMACHINES

par

J.Vaerman
SNECMA Corbeil
BP.81
91003 Evry Cedex
France

INTRODUCTION

Les contrdles non destructifs sont et demeureront un des facteurs déterminants de ls qualité
et de 1la sécurité des turbomachines aéronautiques.

I1 est désormais unanimement sdmis que 1'intégritéd structurale de celles-ci doit #tre assuréde
en tenant compte de la présence éventuelle de défsuts de fabrication ou d'endommsgements en
service restent dans des limites définies "acceptedbles”, qui tendent i devenir de plus en
plus faibles en valeur et en tolérsnce de dispersion. L'adsence de défauts internes ou
superficiels supérieurs 4 ces limites nécessite 1la mise en oeuvre de contr8les non
destructits de plus en plus efficaces et fiables.

Pour sméliorer l'efficacité et la fiebilité des contrdles non destructifs, quel que soit le
principe physique exploité, i1 est Iadispensable de les structurer sur la base d'une
organisstion en phases élémentaires qul sont présentes dans tous les cas.

Le schéma de principe de 1a figure 1 présente de manidre synoptique 1‘organisation de ces
phases élémentaires.

Jusqu'd un passé récent, ce type de processus de fonctionnemeat d'un contrdle non destructif
était considéré de manidre globale. Il était admis que le résultst du contrdle soil fluctusnt
ot que 1'évaluation des défauts demeure qualitstive ou seaml quantitative.

Les besoins nouvesux en carsctérisation guantitative des défauts ainsi qu'en fiabilité de
détection justificnt les sctions de progris qui sont maintensnt menées de msnldre spécifique,
au nivesu de chaque phase du processus relatif & chaque principe physigque exploité.

LES PHASES ELEMEWTAIRRS

Génération de 1'énergie d'excitetion
Principes nsemble des techniques

Pour la plupart des techniques CND appliquées, 1'énergie d'excitstion est générée par
transformation d'une énecgle de sollicitation primaire (énergle de sollicitation d'un élément
plézoélectrique par exemple) elle-mdme issue d'un courant électrique d'alimentation (secteur).

Les sources d'énergies d'excitation proprement dites ({rayonnement électromsgnétique,
vibrations US, Courants de Foucsult) sont générelement définles par les cacactéristiques
essentielles suiventes :

- dimensions : ponctuelle étendue,

- forme du faiscesu de radiation émis : divergent, parraldle ou convergent
- l¢ type d'émission continu ou impulsionnel,

- 1'intensité,

- la fréquence temporelle de la source ou spstiale du fsiscesu émis.

Cortaines de ces caractéristiques sont définies par construction, d'autres sjustables pac
réglages manue. et plus ré t par sutomatique programmée des énergles de
sollicitation primsices.

Les exigences de performances et de qualités des sources sont sans cesse croissantes ;
fonction de transfert, précision des réglages, stebilité de foactionnement, insensibilité &
1'enviconnement.

Les besoins prévisibles 4 court terme nécessitent des développements dont Quelques exemples
sont donnés cl-aprés :
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2.1r.2.

2.1.2.1.

2.1.2.2.

La sensibilité d'un treducteur sollicité psr lmpulsions ccolt avec 1o nivesu d'énerglie émise.
Ss résolution est moins bonne lorsque la durée de vibration de 1'élément vibrant est plus
longue. Actuellement, 1'emortissement de 1la vwibration de 1ls céramique est réslisée en
changeant ss face arridre (Backing) ce qui réduit 1'énergie émise donc sa sensibilité.

Du fait des fortes ruptures 4'impédance entre milieux successifs (céremique, couplage, pidce,
défeut) traversés deux fois (contrdle par réflexion), le signal de défeut recuellll par le
céramique représente une faible part de 1'énergie émise (Fig. 2).

Une étude récente * a montré qu'une solution & ce probléme principal de ruptuce ¢'lmpédence
entre cérsmique et milieu de couplage consistait & utiliser des couches d'sdaptation
d'impédance entre ces deuz milieux de manidre & emortic les vibrations de la céramique par ss
face avant, augmenter 1'énergie émise, donc améliorer simultanément la sensidbilité de
détection et de résolution du treducteur. L'adsptation de 1'impédsnce électcique d'entrée est
sussi un fecteur d considécer.

Les moddles réalisés dens le cedre de cette étude ont 4té validés expacimentalement, leurs
prise en compte par les fabricants de treducteur devrait sboutir & la fonction de bande
passante ls plus large possible donc & un progrds sensible dans 1'efficacité des contrdles
ultrasons (figure 3).

Caractéristiques acoustiques du faigceau
La mesure de la pression scoustique en différents points d'un feiscesu ultrasonore et le
tracé des isobares permettent d'en définic la forme. Ls sensibilité maximale de détection des
défauts se situe dens 1s zone od la pression acoustique est msximale. Cette zone
habituellement centrée sur 1'sxe longitudinal du faiscesu constitue la tache focale lorsqu'il
est focalisé, sa distence nominale par repport au traducteur étent généralement définie dans
1'eau.

Lorsqu'un faiscesu focalisé traverse perpendiculairement un dloptre plan (milieu de
couplege -metériaux 4 contrdler) la distsace focale est modifide per effet de réfraction
(incidence obligue des rayons s'écartant de 1'axe en faiscesu) mais 1ls tache focale reste
approximativement symétrique. Loraque ls géométrie du dioptre deviest une sucface cylindcigue
(contcdle de barres ou de fond d'slvéoles, etc.) la symétrie géométrigue du volume de la
teche focale est détruite d'sutent plus que le rayon du cylindre est faible. On coustate une
augmentation du diamdtre de la tache focele et de sa profondeur dans le plan perpendiculaire
4 celui comprenant 1la génératrice du cylindre. Cette défocalisation entralne une perte de
sensibilité de détection.

Pour les contrSles 4 haute pecformance, i) est nécessaire de corriger cette aberration
géométrique. Cette correction est maintenant possible en utilisant des éléments de
focalisation de forme bifocale. Les gains constatés en sensibilité de détection sont
significatifs (Fig. 4 et 5).

En conclusion de ce chspitre, nous pouvons retenir que

- les recherches scientifiques dans le domaine de la physique deg traducteurs sont désormsis
bien actives,

- les progrés seront d'sutant plus sirement et rapidement réslisés gue les besoins seront
plus cigoureusement définis et que les febricants de chelnes de mesuces ultrosonores et de
traducteurs coordonneront leurs efforts.

Sondes & Coucsnts de Foucault
La détection des défauts de surface ou sous-jacents par Courants de Foucault repose Bur
1'induction é&lectromagnétique. L'excitation est générée par une bobine slimentée par un
courant alternatif. On mesure 1'impédence de ls bobine qui est modifide par la proximijté de
1a surfece de la place et les varistions de cette proximité lides i :

* Université de technologle de Compidgne.
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des imprécisions de déplecement de sonde par repport 4 la surfece,

la microgéombtrie de surface, la présence de traces de chocs,

les varistioas locales de carectéristiques électriques ou magnétiques,
1'instabilité en température,

ls préseace des criques, iaclusions.... & détecter.

Lorsque ls fréquence du courant d'slimentstion de ls bobine est augmentée, ls pénétrstion de
1'excitation décroit mais la densité de Courants de Foucault de surface croit.

Si la soade est constituée d'une simple Ddodlae et que la tr‘quucc est inadaptée, les
snomalies des 4 premlers points énumbrés ci-d P des indicstions plus
importantes que les défauts & détecter (derajer point).

Afin d'accroltre 1'efficacité des contrdles par Courants de Poucault, les améliorations déji
réalisées ou en cours portent sur :

1 focalisation du champ d'excitation qui accrolt le seasibilité de détection et 1ls
résolution latérale,

l1a division des bobines eon deur parties (avec ou seas blindage intercalaive) efin
d'améliorer encore la focalisstion.

1'utilisation de deuz bobines moatées en opposition efin d'eméliorer la stebilité en
température per compensation de 1'effet de ses varistions. Ce montage est sussi favorable
pour 1'utilisation de champs magnétiques plus intenses.

le balaysge en fréquence (projection multifréquence ou multipsrsmdtres) qui permet une
optimisation de le seasibilité de détection sur une profondeur plus étendue, une meilleure
discrimination entre perturbations pscasites et celles & prendre en compte.

1l'excitation pulsée géndrée pec des impulsions & lerge bande d'un spectre de fréguence
continu,

L'amplitude du signal est évaluée en fonction du temps (similitude avec 1'échographie
ultrasonore). Cette séthode encore su stade des études fevorisersit une haute sensibilité
de détection, une résolution eméliorée ainsi qu'une bonne filabilité. Le progrés sersit
particulidrement sensible au niveau de 1la précision de mesure :

. de la profondeur des défauts,

. des épsisseurs notamment lorsqu'elles sont inférieures 4 0.5 mm.

'

G‘néntourl dn rayons X

La courbe ceractéristique d'un film radiographique est treacée & partic de la relation entre
le logerithme de 1‘'exposition et 1a densité optigus du film. I1 est donc nécessaire de bien
déterminer les valeurs d'exposition, ce qui n'est pas coursnt et encore difficilae.

Afin de connaitre et optimiser les caractéristiques d’'une icradiation issue d'un générateur
de rayons X, les paramdtres essentiels & prendre en compte sont les suivants :

- valeur de 1a haute tension,

- spectre d'émission,

- répartition angulaire de ls fluence des photons dans le feiscesu utile,
- dimension du foyer.

Le valeur do la hsute tension est générelement inaccessible directement. C'est plutdt 1la
reproductibilité en fonction des mises en secvice successives et du vieillissement qui est
actuellement considérée. L'écart de 1a valeur de la heute tension peut stteindre :

- gquelques % pour des générateurs anciens d réglages anelogigues,
- mieux que 1 % pouc des généreteurs pilus récents i commande numérigue, 0,05 % pour les
meilleurs.

Ces résultats révdlent un progrds sensible dens 1'améliorstion de le reproductibilité des
veleurs de haute tension propres & chacun des généreteurs récents.

Cependant, 1'absence de réfécence commune induit un doute certain dans 1'évalustion des
écarts entre appaceilleges.

Etent donné que Ia tension d'sccéldration (HT) détermine 1'énergie des photons et les
coefficients d'sbsorption associés, des écarts d'exposition consécutifs 4 ceux de la HT sont
donnés ci-epréds & titre indicatif.

ECARTS DES VALEURS DE HT ECARTS D'RXPOSITION %
EN Y A LA SORTIE DE L'ABSORBANT
1 4 2 7
2 8 4 15
- 20 4 40

L'influence des écarts peut donc étre importamte.
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A noter encore qus :

la sensibilité d'une émulsion photographigue est réduite d'un fecteur 20 lorsque 1'énergie
des photons croit de 40 & 200 keV,

1'icradistion d’un tube Bx verie d'un facteur 2 lorsgue 1‘épsisseur du filtre intecne varie
de 0,4 & 0,7 mm, veriation encore accentués sl le spectre coatient beaucoup de photons de
basse énergie.

Il parait domc aécesssire d'avoir des tolérances plus sévices pouc 1'épaisseur dos filtres
propres auk tubes et une meilleure connsissence des spectres d'émission particulidrement
pour le contrdle des épsisseurs et masses volumiques faibles (composites).

- La forme et l'orientetion relstive anode cathode peut avoir une influence sensible sur la
répartition des fluences (densité de flux) des photons dans le faiscesu utile d'un
géoérateur de rayons X. L'écart peut atteindre 75 % entre la zone des valeurs maximeles et
celles des valeurs minimsles sur des sppareils commercielisés.

- A signaler enfin 1'intérdt des générateurs 4 microfoyer pour 1'amélioratioa de 1ls
sensibilité de détection des petits défauts (microporosités). Les tensions d'sccélérstion
ot débits encore faibles limitent 1l'emplol aux pldces d'épaisseur ou de masse volumique
faible, mais des progrés sont en cours afin d'étendre 1e chemp d'spplicetion notament dans
le domsine des 8x temps réel.

Nous venons de souligner Qu'en contrdle par Rx la plupart des carectéristiques ne peuvent
dtre directement mesurées. Les conditions de foncti t des pr sont généralement
évaludes de manliére glodale, 4 1'side d'IQI (indicateuc de qualité d'images). Ayant consteté
comme beaucoup d'asutres, la sélectivité insuffisante de ces IQI, 1a SNECHNA, par exemple, a
réalisé ot évelué un indiceteur de sensibilité de détection besucoup plus sélectif (figure
20).

En résumé, des progrds sont en cours (stabilité HT), d'autres sont nécessaires (spectres
d'émissions, répartition de ls flueace). La pression des besoins sera sans doute un élément
moteur, ne serait-ce que dens le domaine des spplications en tomodensitométrie.

Perturbation

Ls propsgation d'une dénergie dans un milieu donné est “perturbée” par 1la présence
d'hétérogénéités éventuellement présentes au sein de ce milleu (absorption, diffusion,
réflexion, diffraction...).

La préseace d'une pidce 3 contrdler dans ce milieu remplit évidemment ces conditions.
A Ia perturbation pac 1a pléce se superposent :

- une perturbation par un défaut 4 détecter situé en surfece ou su seln de la pldce,

- 1'anvironnemeat de Ia pidce & contrdler et celui du défaut & détecter en surfeace ou au sein
de 1'objet qui constituent une autre ceuse de pertucbation de 1'énecrgie recue par 1le
capteur (Fig. 6).

Dens le but de ne prendre en compte gue les informations significatives de 1la présence de
défauts & détecter ot de les optimiser, il est nécessaicre de procdder d une étude préslsbdle
et & une définition rigoureuse des conditions de contrdle, particulidrement lorsque les
performsnces 4 attelndre sont 4levées (quantifier des petits défeuts de manidre
reproductible).

A l'origine, les définitions des processus de CND pour applications industrielles étalent
recherchées par une approche presgu‘exclusivement expérimentale longue et coliteuse conduisant
4 une solution parfols éloignée de 1'optimum dans les cas difficiles.

Depuis 1960 environ, les nouvelles exigences des clients, la pression de las concurrence,
1'sceroissement de sécurité nécessaire dens certains secteurs industriels (nuclésire,
automobile, aéronautique) ont imposé que les méthodes expérimentales soient complétées par
des approches analytiques ; des spécislistes sont appacus, des ladorstoires spécialisés dans
1'étude de CND (anobiis en END) ont &té créés et les END sont devenus une technolagie & part
entidre.

La méthode analytique nécessite encore de nombreux esseis souvent & 1'eide de plusieurs
appaceils et dliverses "sondes" [(émetteur capteur) et dans tous les ces de nombreux
échantillons d'essais. Au cours de ces dernidres années, 1lu recherche de solutions par
modélisation des processus END e fait son apparition d'abord dans les lgboratoires
universitaires puis dans ceux de 1'industrie. Le déroulem nt des processus possibles
d'inspection sont représentés par Jeurs moddles physiques formulés par des équetions
introduites dans des programmes informatiques qul les treitent.

Sans avoir & réaliser de sondes prototypes onéreuses, d'éprouvettes représentatives avec
défauts artificiels, d'esseis réels, ces moddles permettent :

- de prédive si une solution imaginée pour résoudre un problédme de CND sers valable,

- de comparer les résultats de solutions différentes,

- de résoudre des cas de matérisux difficiles, de géométries complexes impossidle & traiter
par méthode analytique.
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La solution reteaue doit bien évidemment &tre validée ezpérimentslement, mais comparativesent
sux spproches précédentes, les réductions de colts et délais peuvent dtre trés importantes
pour sboutir 4 une solution du problédme plus performante dans la plupart des cas.

Le développement des outils mathématiques et moyens informatiques sedaptés, 1'extension en
cours du champ des applications (Coursats de Foucault-Ultrasons-Negnétoscopie-Thermograhie
infrerouge) smdaent 3 considérer que ls modélisatioa mathémstique des technigues CND est
maintesant um outil réel et velsble qui sers de plus en plus largement utilisé dans le futur
(exemples d'spplications, (Fig. 7 et 8).

2.3, Révélation

2.3.1. Analyse par ceapteurs

2.3.1.1. Objectif
L'objectit est de détecter des défeuts et de les caractériser en nombre et respectivement en
nature, forme, dimension, position, orieatation et relation d'interface dans le volume
coatrdlé.

Selon 1s technique et 1'étst de 1'art, le capteur réegit de manidre plus ou moins fiddle per
des “signaux® porteurs d'informations spécifiques de défauts situés :

- on surfece (visuel, ressusge, magnétoscopie, Ultrasons, Courants de Foucault, Rayons X ...),
- au voisinasge immédiat de ls surface (Megnétoscopie, Courants de Foucsult),
- dans le volume :

. sans information de profondeur (Rsyons X, Thermogrsphie IR classique),
. avec informstion de profondeur (Ultrasons, Thermographie IR en cours d‘évolution).

Selon sa nature, le capteur élémentaice peut réagir de manidre quesi instantanée & des
informations d'origine :

- ponctuelle (CdP),

- linéaire dans ls direction du sondage (US),

r - surfecique (photographie de surfaces, ceméras vidéo, CCD),
- volumique (films Rz, Rx temps réel, caméras IR).

Par déplecement reletif capteur/pldce & contrdler, donc psr balayage linésire et
Jjuxtaposition des lignes de balayage, il est possible de passer d'une information :

i - ponctuelle & une information lindaire dans le direction du belayage puis surfacique (CdP).
- linéaire dens la direction du sondege 3 une information volumique (US). (Voir Fig. 9).

Pour détecter et carsctériser automstiquement les défauts, i1 est actuellement indispensabdle

1 qu'd chaque point (pixzel) de la surface ou du volume de 1'objet & contrdler, solent affectées
les grandeurs physiques qul le caractérisent. I1 s'agit de ls fonction AMALYSE réslisée per
le capteur.

Btant donné que ces grandeurs physiques n'ont de valeur significative que par comparaison

3 svec celles des points voisins, considérés d plus ou moins longue distence, cette comperaison
ou synthése sera le résultet d'une action complémentsire distincte située su niveau de 1a

3 fonction traitement de signaux.

En résumé, ls démecche est donc :

| - de procéder & une ANALYSE par le capteur de la surface ou du volume i contrdler (grandeurs

§ physigues spécifiques de chaque pixel),

- de réeliser la SYWNTHESE des résultats précédents par compuraison et établissement des
relstions entre grandeurs physiques des pixels plus ou moins proches.

2.3.1.2. les capteurs
La détection visuelle des indications de défauts et 1'interprétstion des résultats par des
opérateurs différents induit une fluctuetion dans 1'efficecité des contrdles qui, si elle
était adaise ou subie jusqu'd présent, devient inacceptadble pour les spplications futures.
L'évolution s'oriente donc wers ls générelisstion de 1'utilisation de cspteurs au
physique du terme, c'est-d-dire d'appareils trensformant une énergie de nature quelconque en

ENERGIR-ELECT] . Cette énergie doit, dans certains cas, Stre adaptée eu domaine de
sensibilité du capteur utilisé par 1'action préaleble d'un traducteur gui transforme 1la
1 grandeur physique de sortie adaptée su domaine de sensibilisation du capteur.

Pour couvrir 1'ensemble des besoins en CND, le neture physique des ezcitations mises en feu
sont diverses (thermique, vibratoire, capillacité, magnétique, électromagnétique...). Le
tebleau I révdle cepeadant qu'actuellement, c'est 1'intérection reyonnement
l:octrougn‘thno/npuur qui est la plus utilisée et qui tead 3 se généraliser ou i se
développer.
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2.3.2.

2.3.2.1.

Cette évolution convergeant vers l'utilisstion de capteurs sensibles & la détection d'un seul
type d'énergie présente des avanteges décisifs :

- depuls Huygens (1629-1695), la connaissance de ls physique du ray dlectr étique

est 1'une des plus svancées et progresse constamment.

- les systémes de “memipulstion® de ces rayonnements soat en constant développement et les
techaiques de fabricetion cocrrespondantes biea maltrisées (optique géométriquo de
précision, interferomdtres, laser, systémes optoélectroniques intégrés, fibres optiques...)

- les capteurs optoélectroniques multiéléments (darrettes, matrices) coastituent une
interfece particulidrement bien adaptée aux systdmes d'scquisition et de traitemsnts
d'anslyse ot de synthése.

La figure 1 montre que, quelle que soit ls technique de contrdle sppliquée, le principe du
processus et 1'objectif sont identiques.

Cette unité constitus une situation fevocable et i1 sereit dds & présent opportun de choisic
une vole, définir les moyens adaptés A celle-ci, y canaliser les efforts de créetivité, y
concentrer les epplications, les investissements de manidre 4 accéléver le progrés, réduice
les colits et enfin favoriser sens difficultés la stenderdisetion et la normslisstion.

Synthise

Comme 1indigué précédesment ot considérée de manidre simplifiée, 1'enslyse aboutit &
1'encegistroment d'une répartition dans un plen (2D0) ou dans un volume (30} des valeurs de
grandeurs physiques mesurées point par point.

Ls syathdse est le résultat d'une compsraison des grandeurs ponctuslles avec celles des
points voisins comsidérés i plus ou msolns longus distance. Elle suppose que les valeurs
mémorisées pour chaque polnt sont représentatives des points objets correspondants (Signal 2D
ou 3D homothétique de 1'objet).

En Cait, il n'en est rien, et mdme dans l'hypothdse od toutes les phases sntérlieures ont été
réalisées correctement, les signaux "significatifs” entegistrés sont sltérés per de nombreus
phénomdnes physiques réels mais considérés comme parssites et ayant pour origine :

- le capteur (y compris barrettes et matrices) : sensibilité, réponse spectrale, linéerité du
gain (sl amplificateur), stabilité, carsctéristiques temporelles, bruit &lectronique
(tiguce 219).

- la pidce 4 contrdlec, le défeut & détecter et leur environnement :
varistion d'épaisseur, proximité défeut surfaces limites, eoffets d'sdbsorption, diffusion,
réfraction, diffraction, réflezion....

D'autre part, & quelques exceptions prés une représentetion en "niveauxr de gris™ de la
répartition 2D 3D des grandeurs physiques mesurées ne permet pas une extraction directe des
"objets” (défeuts) & anslyser. Une améliorstion st une simplification préslable doit &tre
réalisée afin d'sboutir & une représeatetion binaire des résultats. Il est sussi nécessaire
de réaliser une réduction des effets parasites, une optimisation des contrastes ot de la
résolution.

Sans entcer dens le détall des méthodes de traitement, rappelons cependant les deux
principsuz types de treitement :

- le filtrage temporel,
- le filtrage spatial.

Dens le filtrage temporel, le sommation de N acquisition d'une méme zone (cepteur fixe)
entratue un écart d'smplificetion des indications significati (stebles) par rapport aux
indications eléatoires (bruit) d'sutent plus important que N est élevé.

Le niveau de contraste souhaité détermine le N nécessaicre donc la durée de 1'intégration.
C’est la seule méthode qui améllore le contraste sans altérer ls définition.

La conséquence industrielle e priori pénelisente des temps d'intégration tend 4 se réduire en
utilisant des multiceapteurs (bsrrettes, mstrices) i chaque fois que la technique de contrdle
le permst. Paralldlement, les fabricants de capteurs checchent & optiaiser la vitesse
d'acguisition afia d'accroitre le nombre 4'intégrations en durée constsate.

Bn réalitéd, 1'amélioration du rapport signsl sur druit ne suffit pas 3 readre significetive
la grandeur physique mesurée en chaque point.

Ls zone d'action efficace du cepteur n'étant pas rigoureusemeat ponctuelle, elle prend suesi
en compte 1'influence des points voisins. Le filtrage spatisl d'une “image" iatégrée ot
mbmorisés permet 1'amélioration de ss défimition, d'sbouticr 2 une classification des objets
ot gdadéralement & une compersison b des références pour décisicns.
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2.3.2.3.

Les principaux types de filtres spatisux soat :

- les filtres linéaires ou non (4liminatioa bruit de foad),
- les filtres morphologiques (simplification de ls forme des objets).

L'opération finsle de seuillage transforme une imsge en nivesuz de gris (sur n bits) en imsge
binaire (sur 1 bit).

L'sccroissement des besoins pousse les chercheucs 4 imeginer de nouvelles méthodes de
reconnelssance de formes plus puissantes msis sussl trés consommatrices de temps de calcul ce
qui est contraire & 1'objectif temps réel.

Afin de résoudre ce dilemme, 1'évolution em cours tend & :

'

crdor des 3ystdmes spécialisés on marge des celculateurs ot de 1'informatique clessique,
sccélérer les logiclels d'application en les asffectent & des unités de calcul rapide
utilisant des composants électroniques spéciaux microprogrammds,

créer des primitives microprogremmées puissentes de reconnsisssnce de forme et ce, plus
particulidrement pour le mocphologie msthématique.

{Le synoptique d'un systéme avencé est donné par la figure 10).

- concevoir des interfaces électronigues spécifigues pour les cspteurs car les progrés
possibles en traitement d'“images* sont dépendent de 1‘'adaptation respective des
technologies des cspteurs et calculsteurs. L'intecdépendance est déjd essentielle pour des
spplications médicales telles ls Tomographie I, le Scanner infrarouge, les sondes foniques
et les snalyseurs & ultrasons.

Des exemples plus concrets d'interdépendance (et d'intégration) cepteur treitement sont
donnés ci-apciés.

Capteurs intelligents

De 1'interdépendance forte entre capteurs et systémes de traitement, le secteur médicsl est
s11é plus avant dans la miniaturisstion et 1'jatégration en placant sur 1la mdme pidce 1le
capteur et une électronique intégrée comportant en particulier le microprocesseur et des
mémoires.

Ces capteurs intelligents présentent les avantages suivants :

- amélioration du repport signel sur bruit pac edeptstion 4‘impédance et smplification,
prétraitement du signal : compensation en température et en variation d'alimentstion,
remise & zéro sutomstique, filtrage des signaux parssites et correction de non linéarité,
treitement du signal, codage et modulstion des signsusr de sortie, moyennage pour extraire
le signel de bruit, redondance et alsrmes intégrées signalant les défsuts de capteurs,
logique de décision : tendsnce d'un signal et corréletion entre plusieurs signeux, calculs
msultiparamdtres, reconnaisssnce d'un signal et réjection.

- réduction de consommation.

Les applications médicales sont multiples notsmment celles qui nécessiteat un “monitorege
ambulatojrce”.

D'une manidre générale, 1'industrie et plus psrticulidrement 1'industrie aéronautique & asussi
ce type de besolas & satisfeire en contrdle in situ d'séronefs en cours d'utilisstion. Plus
directement, les aventages cités précédemment, asssociés eux capteurs intelligents, spporteant
tous une réponse aux gquestions gul pour 1'essentiel restent posées dans notre secteur
d'spplication. Un simple effort de transfert de technologle est d faire.

Sondes incohérentes

Autre résultat de 1a lisison forte entre capteurs et systémes de traitement, 1'analyse
spectrale d'un écho ultrasonore se fsit sur le bruit échogrephique du milieu multidiffuseur
(speckle acoustique).

Ce bruit :

- résulte de 1'interface entre tous les échos élémentaires situés dens le cellule de
résolutions (sources induites dens 1'objet par le chemp incident).

- empiche de diatinguer des structures spéculaires de faible contraste dans des milleux
diffuseucrs (fissures dans les aciers & gros grains).

L'snalyse spoctrale de ce bruit dans une porte temporelie donne des sllures de spectre trés
chahutées.

Afin d'obtenir des spectres plus lissés de ces milieuz, on effectue jusqu'd présent un
moyennsge spatial sur de nombreux “tirs" ultrasonores décorellés (N positions décorellées)
4'od perte de résolution spatiale.

Plus rcécemment, aofin 4' nter 1le nombre d4'Informstions décorellées pour une position
donnée de la sonde, des essals ont été réalisés & 1'side de sondes :

e —
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- annulsires (6 anneauz) : un déplacement de sondes sur envirom 20 positioas étant encore
aé aire.
-~ multi-éléments (36) : technique trds lourde du fait de la connectique 3 développer.

One solution tréds prometteuss en cours d¢'étude consiste 4 ilntercaler dans le falscesu d'un
seul traducteur un écran de phese aléatoire mis en rotation rapide.

Au cours du déplacement du décohéreur, une série de tirs ultrasonores est effectude. Pour
chaque position du décohéreur les relations de phases entre échos des différents diffuseurs
sont modifides.

- Lo signel échographique résultant présente des minima et des maxima, fonctions de 1la
position du décohéreur dans le signmal.

- On étudle la moyenns des enveloppes échogrsphiques et des densités spectrales de puissence
(figure 21).

L'spplication de cette dernidre méthode au contrdle ultrasonore des milieus diffuseurs

permettra 1'accéds i des informations intéressantes en séparant les échos spéculeires du bruit
de speckle échographique.

L'EVOLUTION ET ADAPTATION DES CRITERES

Btat sctuel

Acutellement, les critdres limites d'acceptstion en CND sont définis de manidre spécifigue
dans chaque type d'industrie (eéronautique, sutomobile, nuclésire ...) en fonction :

- Du type de pidce - produits, demi produits, pidces.
- Des matérisur métalliques, céramiques, composites organiques.

- Du mode d'élaborstion, pidces forgées, couldes, Métallurgie des Poudres.

- Du stade d'spplication contrdle spécifique des phases critiques de
fabrication, usinage per rectification, soudage,
traitement thermique ou de surface ... et pléces

finies.

Contrdle aprés utilisation
- Nsintenance
- Réparstion

- Des méthodes de contrdle appliquées : - visuelles, Ressuage, Magnétoscople, Ultrasons,
Radiographie X.

- Du type de défeut cherché

aspect, criques, porosités, inclusions,
ségrégations.

- Des méthodes de comparaison : systdmes avec seuils automatigues (ultcasons,
défaut/seuil limite d'acceptetion Courants de Foucault), laterprétation visuelle
(humaine) d'un résultat global.

Dans ce contexte, les critéres définissant les défauts sont trds divers et dans certains cas
le complexité d'application entcslne des incertitudes sur l'efficacité de leuc application.

Le tableau synoptigue n* II préseate, 4 titre indicatif, 1'ensemble des stades d'application
des CND relatifs 4 la febrication et & 1l'exploitation d'un moteur d'aviation.

De manidre synthétique, la définition aectuelle ot 1‘'application des critdres peuvent dtre
considérées comme présentées ci-apris :

- Défauts individuels quantifiés selon :

. Une grendeur qui mesure directement les caractéclstiques du défsut : longueur surfece
orientation position espacement entre deux défsuts (exemple criques, cavités,
inclusions présentes en surface de pidce ot évalubes en examer visuel avec side optique
le cas échéent).

. Une grandeur indirectement 1idée aeux carsctéristiques du défaut ; aemplitude-temps
(ultrasons, Coursats de Foucault).

- Défauts non gqusntifisbles individuellement

. I1 s'sgit de défauts dont 1s représentation est complexe et pour lesquels 1la
carsctérisstion individuelle est visuellement impossible ou non céalissble
industriellement.
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L'évaluation est faite soit :
- Directement par rapport 4 des classes d'échantillons types,

- Indirectement psr rapport 4 des documents de référence (répliques, photographises,
clichés radiographiques type ASTH).

Evolution et sdaptatioa

L'évolution des CND vers le tout sutomatique a engendré une évolution sensible des moyens eu
cours des dernidres années au nivesu de 1'scquisition et du traitement des signaux :

Utilisation plus fréquente des capteurs seasibles sux rayonnements ionisants (voir tebleau
1y,

- Systémes de traitements puissants et rapides (proches du temps réel},

Algorithmes de traitement évolués & ls veille de trasiter la majeure partie des cas
industciels courants au moins en ce gui concerns l'sptitude & jisoler et & csractériser la
forme des “"objets® significetifs (défauta) tout en éliminent ou en réduisant sctuellement &
un niveau proche de 1l'acceptable la prise en compte des artefacts (fausses alarmes).

Le nombre d'applications industrielles est encore limité et i1l a été tenté dans la plupart
des cas d'appliquer evec plus ou moins de succds les eritdres limites d'ascceptation
initielement définis pour des conditions de disgnostic et de sanction clessique.

Afin d'optimiser 1les nouvelles possibilités, une remise en cause de la définition des
critéres eost nécessaire et parsit possible par une epproche plus synthétique des problimes
posés.

Le tableau 2 présente aussi :

- les différeats types de défauts recherchés sux différents stades du contrdle,
- les grandes cleasses de forme type des défeuts cherchés.

Ce tableau de synthdse révdle que 1'ensemble des principauz défauts classiques connus
recherchés esux différents stades de la febrication des plédces et de ls maintenance ou de la
réparation de machines rentrent dans 4 clesses de forme de défauts dont :

- ponctuels

- linéaices (filiformes)
- surfaciques (2D)

- volumiques (3D)

Selon ls manidre dont ces défauts sont représentés sur le plan d'anslyse, la synthése peut
consister en l'eztraction et la guantification de lignes ou de surfaces de géométries plus ou
moins complexes.

Considérés individusllement, les objets peuvent dtre définis per tout ou psctie de 1'ensomdle
des caractéristiques géométriques possibles (Pig. 11)

dont pour 1'essentiel :

- le plus grande dimeasion,

facteur de forme (identification défeut plans),
barycentre,

surface,

périmdtre,

orientation,

position,

- atec.

Pris dans 1leur ensemble et les uns par repport eux sutres, les défeuts peuvent dtre
considérés en :

noabre total,

nombre per uwnité de surface (densité),

distance entre barycentres de 2 proches voisins en fonction de la plus grande dimension de
1'un 4'eux,

relations de continuité entre particules isolées (alignement de soufflures ou porosités).

la répartition par classe ée 1l'une des carsctéristigues individuelles,

- ete.

Sur cette base, des images de clichés radiographiques de référence (ASTN) ont été quantifides
ot des clichés radiographiques de pidces réelles sutomstiquement comparées avec succds & ces
célécences.

I1 est souhaiteble gue les spécislistes en la matidre se concertent afin de :

- sélectionner les grandeurs caractéristiques & retenir pour satisfaire 1°'essentiel des
besoins en critires,

- codifier cette sélection ot 1'introduire dens des standerds de nivesu international,

- favoriser le développement, 1'optimisation et 1la commercialisstion des capteurs et de
1‘'¢lectronique vepide d'acquisition et de traitement
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- favoriser ls normslissation de ces éléments,
- favoriser une sutomatisation efficace du disgnostic et de la sanction proche du temps réel
& moladre colit.

LES DEPLACEMENTS RELATIFS EMETTEURS CAPTEURS PIRCES

Ce qui vient d'étre présenté permet d'imaginer sans difficulté ce que doit ¥tre la partie
“support” d’une installetion de coatrdle.

Le détection et 1a carsctérisation dimensjonnelle de défaurs fins, leur situstion précise en
surface ou deas le volume d'une pldce qui peut &Stre de géométrie compleze, impose des
exigences au nivesu des conditions des déplacements des émetteurs récepteurs et de la pidce &
contrdler.

Dens la plupart des ces, ils sont séparés mals interdépendants.
Le niveau des performsnces du contrdle et ls complexité de la géométrie des pidces imposent :

- le nombre de degrés de liberté (jusqu'd 6 ou 7 voire plus),
- la précision et la reproductibilité :
. des positions relatives (de 1'ordre de 0,01 mm pour les translations et de quelques
secondes d'arc pour les rotstions),
- . des vitesses de déplacement.

Dans le but d'atteindre ces performances mécaniques, 1'sutomatisation devient inévitsdble et
1a fiebilité des prograsmes est un point sussi essentlel.

Les installations sont ou vont devenir de véritables machines-outils capables de performances
métrologiques véritables)

LA PRATIQUE INDUSTRIELLE

Hicroscopie scoustigue

Les progrés récents réalisés dsns 1'élaboration de matérisux “Heutes tempéretures™ pac
métallurgie des poudres ou céramiques frittées et les gains en performences qui leur sont
sssociés ont naturellement engendré des spplications sur soteurs d'aviation.

La nécessité de febriguer et contrdler industriellement les pidces corcespondantes 3a'est
alors présentée.

Sur ces matérisuz, le teille critique des défauts est de 10 (MDP) ou 100 (céramiques) fois
plus faible que sur pidces de miwe type (disques, audes) réalisées jusqu'd présent par
méthode conventionnelle (forge, fonderie). Dens le bdut de détecter ces défauts de tris
petites dimensions, de 10 4 100 ym, les premidres études lancées il y s environ 10 ans se
sont orieatées vers ls réelisation de systdmes ultrasonores A trés haute fréquence (plusieurs
GHz) dans la perspective de pecformsnces équivalentes A la microscople optique (x 1000) mais
pecmettent des “"observations® sous les surfeces des objets.

Ces systémes congus pour des applications en laboratoires présentent des inconvénlients qui en
limitent les spplications industrielles :

- échantillon de faible dimension,

- exigences critiques d'elignement sonde/surface de pidce,
trds faible pénétration : quelgues um.

résolution limitée,

- champ d'ezsmen limité & quelques mm?.

Plus récemment, des systdmes Conctionnent & des fréquences inférleures 2 100 MHz ont été
congus et réalisés de manidre & réduire les inconvénients précités. Certeins d'entre eurx
restent cependent des eppareils de leboratoire (CGE Marcoussis - Université de Valenciennes,
Prance).

D'autres sont actuellement capables du contrdle de pidces de production. Deux d'entre eux
peuvent 8tre signalés sens donner le détail du principe de fonctiomnement :

- Systéme développé par General Electric Company, Schenectady

- Capable du contrdle des disques de turbordacteurs (ou de pidces cylindriques),
- Préquence de 0,5 & 100 WHz (hebituellement SO NHz),
- Méthode par impulsion et réflexion (écho),
- diamétre teche focale 0,137 mm dans 1l'eau (0,147 dens ua superslliage base Mickel),
- grendissement jusqu'd X 20 par sccroissement proportionnel sur C-Scen du pss lignes, et
de 1+ vitesse de belayage,
- image 16 nivesux de gris : affichage direct de 1'amplitude des échos,
- pénétretion dans super alliage base Nickel
F=5MN = 3,8mm
P=25HHz = 6,35 ma




5.2.1.

5.2.2.

5.2.2.1

5-11

st l'université de Stanford (USA)et 1'Aérospatisle France

‘

Capsble pléces (plaques composites) 200 ms x 1000 wm,

Fréquence de 3 & 20 WAz,

NWéthode par trein d'ondes monofréquence et écho,

Dismdtre tache focale dens 1'esu 0,1 mm (10 MHz) 0,3 ma (S5 MHz),

Signaur recuelllis : résultst de phénomdnes d'interférences entre onde de Rayleigh, de
compression, de surface.

‘

I1 parsit cependant possible de :

focaliser en surface = relevé de 1a topologie de surface,

refocaliser A une profondeur volsine d'une longueur d'onde de Rayleigh = contrdle
efficace de quelque 0,1 mm sous la surface,

faire une pseudofocelisation en ondes transversales

(pacticulidrement intéresssnt pour contrdle des composites sur plusieurs millimdtres de
profondeur)

vitesse de balayege 200 ne/soconde.

‘

Chelne de mesure ultrasonore

Les applications en contrdle ultrasonore dans 1l'industirie en général et plus garticulidrement
dans 1'aéronautique se sont multipliées de manidre lmpressionnante eu cours des 30 derniéres
années.

Au cours de cette période, des progrés importants ont été réalisés su niveau des équipements.
Cependant, avec les nouvesux concepts de tolérance au dommage, psralldlement & 1'introduction
de nouvelles technologies de fabrication sur de nouveaur matérisux, 1les performences
nécessaires en contrdle ultrasonore sont plus élevées et les exigences plus précises.

Dans 1'industrie aéronautique internationale, cette situstion est générale de méme que le
constat d'insptitude des appareils & ultrasons, y compris les plus cécents, pour satisfeire
ce nouveau besoin.

Afin de rvésoudre cette difficulté technique, des soclétés aéroneutiques (1) se sont
regroupées pour rédiger des spécifications techniques d'une nouvelle génération de “CHAINE DE
MESURE ULTRASONORE®, présentée ci-aprés & titre d'ezemple. Cette mise en commun & pour but de
faciliter 1'étude et la réalisation de cette chalne grice 3 ls perspective d‘un merché plus
étendu.

Les points essentiels de cette spécification sont les suivants :

Objectit

Application sur instellation de contrdle ultrasonore asutomatigque par immecrsion & haute
performance de pladces métalligues, céramigue, composites.

Cette chaine doit constituer la téte d'une nouvelle génération apte & satisfaire les besoins
pour les 10 prochaines snnées.

Spécifications technigues :

Emetteur
- Modulaire, multivoles, multiplexables (possibilité commende des impuleions en temps décelé).
- Pilotage numérique.

Impulsions

Sinusoide carré bipoleire smortie (Fig. 12).

Noabre, largeur et emplitude des arches programmables, tension premidce srche ajustabdle de SO
4 500 V cridte & crdte.
Inpédance de sortie 50 Q@ + 5 Q, quelle que soit la fréquence.

{1) Document AAST 001 éd. 1 du & juln 1987.




gy i

5.2.2.2.

5.2.3.

$.2.3.1.

5.2.3.2.

5.2.3.3.

5.2.3.4.

5.2.4,

5$.2.4.1.

5.2.4.2.

5.2.4.3.

5.2.4.4.

Fréquence de récurcence

100 Hz & 10 kAz par vole psr pas progressifs de 10 Rz (autour de 100 Hz) & 1000 Hz (vers 10
kHz)

ltdq;cnco spécifligue d'une vole on mode multiplexé.

Récepteur

Préemplificeteur

- gain de 0 & 24 4B par pas 6 dB. Commutation manuelle ou pilotée prise en compte
sutomatiquemeat

- pac 1'smplificeteur numérique (vole § 5.2.3.3.).

- lindarité < 0,5 % (écart par rapport & le valeur sbsolue).

- prise en compte automatique en complément des 24 dB, d'une préamplification primsire de 12
dB éventuellement, située prds du treducteur mais intégrée au cadle de liaison (connexion
séparée et spécifique du raccordement & un cible avec ou sans préamplificateur primsire).

Fréquences
- Sans flltre bande passante & - 6 dB de 0,2 & 100 WAz,
- FPiltre ajustable
- filtre passe bande symétrique et fendtre de fréquence mobile pour unalyses spectrales et
dtudes de structures.

- Numérique (28 bits mini)

- Linéaice et logarithmigue

- Gain mini 114 dB en dynamique totale
- Précision ¢ 0,5 dB en absolu.

Corrections amplitude distance

Base de temps découpée en

- 300 segments de 300 ns sur ls dynamique totasle,
- segments de 50 ns sur une dynamique de 10 dB,
- dans tous les cas & partir de 1'écho d'entrée.

Noniteur

Forme du signal
Type RF pour traitement, le cas échésnt.
BF redressé & 1 ou 2 alternances UNIQUEMENT pour visualisetion sur écran.

Echelle de temps
- Codage sur 21 bits
- Btendue de 1'échelle possibllité limite :
- Contrdle 500 mm d'acier,
- Colonne d'eau 1 métre,
- incrément maxi 10 ns,
- Résolution 1 ns

Portes de survelllance (figure 13)

w

portes de surveillance :

débuts et fins de portes ajustables par CN ou synchronisées sur &chos permanents,
synchronisation possible entre deux portes avec coincidence ou décalage positif ou négatif
entre début de 1'une et fin de la précédente.

- 2 seulils symétriques de détection par porte (positif et négatif) programmables par
incrément de 1 bit (résolution de 1'amplitication) evec une précision de niveau du seuil de
1 bit.

Visualisstion
- Ectan numérigue,
- Représentation
- A scen temps réel
- B - C scan en temps pseudo différé,
- Affichage paramétres de réglage de ls chafne et résultats de contrdle.
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$.2.5. Doandes
Trois options possibles de numérotation et stockege
- Signal complet (A.t) situé dens 1s porte pour chaque récurrence,
- Signal complet (A,t) situé dens ls porte pour chague récurrence ou A maxi > seuil,
- de 1a valeur de 1'écho d'emplitude Nax (A) ot profondeuc correspondsnte (t) parml les échos
dépassent le seuil.

5.2.6. Auto-contrdles

-~ Tension de rétérence calibrée pour sutocontrdle de la totalité des fonctions de la chetne.

~ Emstteur :
- tenslon,
- sccord d°impédance,
- mesuce de bcult par rapport 3 ls tension de référence,
- contrdle de chaque chsngement de psremdtre,

- Récepteur :
- linéarité du préamplificeteuc smalogique,
- £idélité de la courdbe d'emplificstion du présmpliticateur,
- détermination de la prise sn compte d'une courde de correction,
- sorties de points tests groupés et repérés.

5.2.7. Traducteurs

Deux configurations possibles :

- fizé dlcectement sy porte traducteur machine,

~ fixé sur 1'étage de préamplificateur primsire
lui-mime [lzé au porte treducteur machine {coaxialité g ¢ 0,05 mm, parsllélisme
£ ¢ 0,05°).

Dans les deux cas, possibilité de changement automstique traducteur et étenchéité & 1'esu
garantie.

5.2.7.1. BExigences standard (Fig.l4)

Affichage fréquence contrdle f. & - 6 dB ot - 12 dB (Précision ¢ 5 L) et bande passante LB.

Ecart entre fréquence dominante (fm) et fréquence centrsle | 1 _ = €59
te
| 648
Ecart entre smplitude respective des compossntes
fm ot fc £ 1 dB.

§.2.7.2. Ceractéristiques acoustigues
Bxploration du champ scoustique & 1'side d'un hydrophone aigullle étalonné (Pression sbsolue
J sffichée en Pascals) :

} - su pas de 0,1 mm pour les pressions acoustiques comprises entre ls pression Mazimale ot -3
ds,
3 - su pas d¢ 1 mm on dehors des valeurs précédentes et ce jusqu'd la limite de - 18 dB.

Représentstion graphique des volumes selon deux types de coupes longitudinales et
4 transversales
p Définition des paramdtres reletifs aux désalignements et excentration selom figure 1S§.

5.2.8, Cscactéristiques des clibles de raccordement appareil de mesures/treducteurs

5.2.8.1. Electriques

- Impédances 50 @ ¢t 2 Q,
- Taux d'ondes ststionnaires
s.%_n(L%<1.zt

avec £ » BL - 2C ZL = impédence selfique
7L + 2C ¢ + impédance cepacitive

$.2.8.2. Récaniques

Le cdble doit pouvoir supporter S 10 6 plisges de rayon 25 sm sens altération des
caractéristiques.




L'inspection par Courants de Foucault est bien sdaptée & ls détection de criques de fatigue
oligocyclique prenant éventuellement naissance dans des zones soumises 4 des contraintes
élevées.

L'aspect critique des zones est souvent associé 4 une forte sollicitation de parties de
pidces de géomdtrie localement complexe (alvéoles, festons, rayons de raccordement, trous).

Jusqu‘d un passé recent, le contrdle pac Coursate de Foucsult des pidces de turbomachines en
exploitation était effectuée msnuellement ou & 1'aide d'équipements mécanisés : sonde fixée &
un suppoct déplacé redislement par rapport & un disque en rotation motorisée. Depuis environ
10 ans, un effort important e été réalisé pec les motoristes pour développer des systémes
automatiques de contrdle par Coursnts de Foucault de pidces tournsntes.

Plusleurs d'entre eux ont développé des installations qui peuvent $tre considérées comme tdte
de génération des équipements futurs pour ce type d'applicatioa, par exemple : ECII de G.E.
(tigure 16), ROBINSPEC ) de P.N. Industrisl System (figure 17), KHD.

Globlement, ces systimes fonctionnent sur le méme principe svec des carsctéristiques voisines.
Houvements

- Pilotage sutomatique des déplacements de piéces et/ou sondes selon 7 (ou 8} axes
indépendants (translation ou rotstion).

La partie mécanique est congue et réalisée pour stteindre un niveau élevé de précision (25
4 SO pm pour 1les translations ; 0,03 & 0,003° pour les azes de rotation) et de
répétabilité (0,02m en translation) et présente ls capscité dimensionnelle permettant le
contrdle de 1'ensemble des disques des moteurs actuels ou futurs, militeires ou
commercieux. Ils sont congus pour une maintensnce aisée.

Les séquences successives d'étalonnage et de contrdle par balayage des différentes zones
critiques d‘une pidce sont commsndées par programme informstique. Pour créer ces programmes,
1'opérateur est guidé pas & pas par un menu intersctif en tensnt compte des sondes ot étalons
spécifiques édventuellement nécessaires su contrdle de chsque zone. Les programmes réalisés
sont ensuite stockés en mémoire puis appliqués sutant de fois que nécessaires pour réaliser
les contrdles.

La fonction de 1'opérateur se limite au chang: t des d et des pldces et 1ls rentrée
d'informations relatives & 1'identification de celles-ci et des zones & contrdler.

Des standerds de référence permettent de vérifier sutomstiquement que le systéme est en état
de fonctionnement et que le niveau de sensibilité est cepable de détecter les défauts dans
les zones 4 coatrdler.

En contréle de piédces les emplitudes du signal Coucents de Foucault sont acquises ot font
1'objet d'un treaitement sutomatique limité actuellement & 1'utilisation d'un seuil qui permet
de déclencher une elerme, d'effectuer un enregistrement de 1'indication détectée ou
d'effectuer un arcdt ou retour sur défaut.

Limites sctuelles ot améliorations nécessaires

Dans leur état sctuel de développement, les systémes présentent certasins inconvénients :

- Les problémes d'accessibilité pour 1les pidces de géomdirie complexe nécessitent
1*utilisation d’une robotique et d'ulgorithmes de déplacements complexes, ce qui expligue
en partie le colt élevé des systdmes et rend ls mémorisation des trajectoires par
spprentissage trds lourde & réaliser ou impossible dans des cas extriémes.

Le tsux de fasusse alarme sur pidce neuve et surtout sur pidces aprés fonctionnement est
élevé (effets géomdtrigues, présence de rayures ou de pollution superficielle), d'old appel
frégquent de 1'opérateur et risgue de mauveise Interprétation des résultats pouvant
compromettre la fisbilité du contrdle.

La résolution de ces probldmes nécessiters :
- La possibilité pour les systémes d'utiliser les données CAJ/FAO,

- Le développement et I‘utilisstion de traitements de signsux permettent de séperer les
indications de défsuts des indications non significatives.




b S T IO VNP

Tomographie RX

Reppel du principe

La tomographie par rayons X permet de résliser de msnidre non destructive Jes vues en coupe
d'objets. Elle est utilisée dans le domaine médical et dens le domaine industriel (contrdle
non destructit).

Le principe de la tomographie est le suivent :

On masure 1'atténustion d'un pianceau de rayons X 4 travers 1l'objet 4 étudier et on obtient
siasi 1'intégrale du coefficient d'sbsorption suivant un trajet appelé projection. On
acquiert 1'snsemble des projections sulvant un grand nombre de dicections st on reconstruit
par calcul 1'image de la coupe de 1'objet.

Constitution des tomographes, modes d'uti critiques

Un tomogrephe industriel est comstitué :

- D'une source de rayons X,

-- D'un ou plusieurs détecteurs de rayons X avec 1'électronique associée,

- D'un systidme mécanique permettant de déplacer 1'objet examiné dens le faisceau,
- D'un systime de traitement et de reconstruction d'image.

En utilisant différ les s un tomographe peut réaliser de simples vues en
projection du type de ce que 1'on obtient en radiographie classique sur film.

Les principsux parsmidtres déterminant 1la quslité d'un tomographe sont :
- Paramdtres jouant sur la résolution spstisle :

tsille du foyer du tube, longueur et hauteur de 1'élément de détection, pas d'scquisition
(systidme pluridétecteur) ou pas du détecteur (systime multidétecteur), position celative
foyer/pidce/détecteur, dimension de 1°'élément d4'imsge, ces paramdtres devant former un
ensemble cohérent.

Paramdtres jousnt sur ls résolutios en densité :

fréquence d'alimentation et stebilité du générateur RX, stabilité de 1'ensemble de
détection, précision des mesures.

- Parsmdtres fousst sur les épaisseurs contrdlables :
tension du générsteur RX, dynsaique de 1'ensemble de détection.
- Paramdtres jousat sur les cadences de contréle :

Flux de photons émis par le tudbe RX, efficacité du détecteur, temps de réponse du
détecteur, rapidité du systime de reconstruction d'imege (pour que la reconstruction
d'une image soit plus rapide que le temps d'acquisition et puisse Stre réalisée en temps
masqué), chargement et déchargement des pidces sutomatiques si 1'spplication le nécessite.

Application au contrdle des audbes de turbine

SHECHA o lancé 1‘'acquisition d'un tomographe destiné au contrdle des iubes de tucbine creuses
4 noyau céramique.

Les défauts recherchés sont des défeuts métsllurgiques (inclusions, microporosités ...) et
géomitrigues en psrticulier épsisseur de parol non conforme & ceuse d'une déformstion du
noyeu cécemique pendsnt la coulée). Un contrdle d'aube aé ite typigq 1 vue es
projection et 3 coupes tomographigues réparties sur la hauteur de las pale, complitées
éventusllement par des coupes tomographigues psssant par les défauts métallurgigues pour
lever de doute.

Le tomogrephe retenu est du type sultidétecteur et a les caractéristiques suiveates :

- Génécateur BX : temsion maxl : 420 kv
foyer 1,5 mm.

- Détecteur & gaz (Xénon sous pression)
pas 0,15 mm
hauteur des éléments de détection : 0,25 mm
efticecité : 75 % & 420 kv.
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- Objet limite : diamdtre 170 mm

hautsur 450 am

épeisseur d'ecier : SO mm.
- Etslonnage sutomatique.

- Chargement des aubes dans la chambre de coantrdle et déchargement sutomatiques par convoyeur
chergéd on déhors de ls cabine anti X (capacité : 25 4 50 subes selon leur taille).

Pour le contrdle des épaisseurs de parois des eubes, 3 modes sont utilisadles :

NHode manuel : le systéme calcule la distance eatre 2 points sélectionnés par
1'opécateur.
Node semi-sutomatique : le systéme calcule 1'épaisseur de la psrol le long d'une ligne

droite joignant 2 points sélectionnés par 1‘opérateur en dehors
et de pact et d'autre de 12 pacol.

Node sutomatique : le sysdme celcule les épsisseurs correspondsnt sux minimus
locsux par zome et prononcs sutomstiguement la ssaction par
comparaison & des critéres, les zones et les critdres ayant été
préalablement définis pour chaque type de piéce.

Les cadences de contrdle sont de 12 & 24 subes mobiles/heure selon leur taille, sur ls base
d'une vue per projection et 3 coupes tomographiques par pidce.

Un exemple de coupe tomogrephigue est donné Figure 18.

CONCLUS LONS

Nous avons teaté d’analyser et de présenter 1l'ensemble des techniques de contrdle d'une
manlédre syathétique.

La décompogition ea phases élémentaires facilite le mise en [acteur au niveau de chacune
d'elles des exigences communes & ls plupsrt des techniques si ce n'est 1'ensemble.

La différenciation ls plus marquée semble se situer su niveau des générateurs d'excitation
doat les priacipes physiques restent sssez spécifiques.

La simllitude des principes physiques va croissante & partic de le perturbation.

La phese cévélation aous montre que la plupart des ceapteurs utilisés sont sensibles eusx
cayonnements Slectromsgnétiques. Le conséguence est la bonne unité qui epparett sux stedes de
1'anelyse, de la synthdse ot plus particulidrement su nivesu de 1'évolution des critdres ol
1'ensemble des défeuts, quelle que soit la techaique appliquée ou le stade d'intecvention du
contcdle, peuvent dtre considérés sous 3 ou 4 géométries élémentaices de base.

Ces analogies ot simplifications coastituent une situstion fevorable pour harmoniser les
orientations, les choix, les investissements, concentrer les offorts de créativité, de
manidre 3 sccélérer les progrés et leur industrislisstion, réduire les colts de développement
ot de contrdle.

Dans ces évolutions, il se confirme que 1'informatique est un élément fondamental qui nous
situe trds pris des débouchés I1ndustriels en ce qul concerne la senction basée sur la
géométrie des défauts. Un dernier pas difficile & franchir sera celui de la nature réelle des
défeuts.
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FIGURE 1

PROCESSUS DE_FONCTIONNEMENT D'UN CONTROLE NON DESTRUCTIF

GENERATION DE L'ENERGIE REVELATION DE L'ANONALIE PAR
D' EXCITATION = ACQUISITION SIGNAL

- TRAITEMENT

- SYNTHESE

1} - SANCTION

7

TRANSFERT DE i TRANSFERT
} L'ENERGIE \ EMERGIE PERTURBEE

7

! PERTURBATION DE L'ENERGIE PAR :
r - MILIEU A CONTROLER
- MILIBU + ANOMALIE
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FIGURE 2

INFLUENCE DE L'IMPEDANCE ACOUSTIQUE 2
DES MILIEUX: COUPLAGE ET ALLIAGE A CONTROLER

FIGURE 3

TRANSDUCTEURS ULTRASONORES A LARGE_BANDE
AMORT ISSEMENT PAR LA FACE AVANT
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Calcul
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Calcul

Deux couches z1/zp= & z4/2p
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Contréle des piéces cyliadriques
avec traducteuars bi-focaux

TRAOQUCTEUR A FOCALISATION SPHERIQUE

EAU

(=

PECE PLANE
Fv .

Emw |7 Pikce
7

PIECE CYLINORIQUE (

=g 3P |
(L= k= o | ren J)
FIGURE S
~

Intérét des traducteurs bi-focaux
pour le contrdle des piéces cylindriques

2 Théorique du plus petit
Obtaatt détectable

Marisu : NK17 COAT Mdp
Pidce : Biletie fide D73 mm
Etat de surface 0.8 um Re
Niveau de bruit de structure 55 um
T [
o Fréquence 10 Mz
o O pestifie 12,7 mm
* distance focale 7% mm

. Tracucteur bi-focal * fréquence 10 MHz
T b-local * Spastite 12,7 mm
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FIGURE 6

Source parasite

\\(‘ex. : lumiére en optiquc)
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FIGURE 7

EXEMPLE DE MODELISATION EN CBNTROLE PAR COURANTS DE FOUCAWL T
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FIGURE 8

EXEMPLE DE MODELISATION EN CONTROLE L TRASONORE
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Pression acoustique calculée pour un traducteur ultrasonore
(d' aprés SHARPE)




FIGURE 9

ANALYSE PAR CAPTEUR

Représentation en plan
 défauts détectés par réflexion
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FIGURE 10

SYNOPTIQUE D'UN SYSTEME AVANCE
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FIGURE 12

EXEMPLE DE SINUSOIDE CARREE BIPOLAIRE AMORTIE
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FIGURE 13

FONCTEON TYPL PORTL DE SURVE 1L LANCI

{_DEPASSEMENT DU SBUIL |

| _DETECTION DE OEPASSEMEWT |

|Table de vérité program|
{mable basée sur 1'ex- |
{ploitetion des échos |
|éventuels préseats dans|
jles 3 portes.

| PRISE KN CONPTE | | WURERISATION SIGNAL RF |
1 conp l

|
| mgeogisaTION |
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FIGURE 14

CARACTERISTIQUES DU SIGNAL D'EXCIVATION GENERE

Fréquence centrale 3 - x dB

fex = fbx + fhx
i

Largeur de bande & - x dB
L8, (%) = fhx - fbx 490
fey

FIGURE 15

TRADUCTEURS UL TRASONORE S
DEFINITION DES PARAMETRES RELATIFS AUX DESAL IGNEMENTS
ET_EXCENTRATIONS

Pentiile du traducteur

Couges transversales
& teisceau - >




FIGURE 16

CONTROLE AUTOMATIQUE PAR COURANTS DE FOUCALL T
DE T N EXPLO1TATION

SYSTEME ECII DE GENERAL ELECTRIC

FIGURE 17

3 CONTROLE AUTOMATIQUE PAR COURANTS DE FOUCAW ¥
DE_PIECES DE_TURBOMACHINES

SYSTEME ROBINSPEC 1 DE FN INDUSTRIAL SYSTEM
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FIGURE 18
COUPE TOMOGRAPHIQUE D'UNE AUBE DE TURBINE

Aube mobile HP SNECMA (moteur LARZAC)

i FIGURE 19

‘Lv EXTRACTION PAR INTEGRATION D'UN SIGNAL REPETIVIF
PAR 1T

aprés 1 passage

aprés 100 passages

aprés 5000 passages

Exemple : numérisation d'une sinusoide mélangée d du bruit

~—— —— ————




PLANCHE 20

CONTROLE RADIOGRAPHIQUE - INDICATEUR DE SENSIBILITE DE DETECTION
<~ Exemple d'influence de variation d'un parasbtre -

sensibilité de détection (%)

20
15
&/
10 )
5 J—
1q1 ROS - — =
m———— T g FRS - =

0,1 0,2 0,3 0,4 0,5
FLOU GEOMETRIQUE (am)

PLANCHE 21

CONTROLE ULTRASONORE - TRADUCTEURS INCOHERENTS

tre

Détection de bulles dans une mousse diffusante
(résultats Groupe de Physique des Solides de 1°'ENS, Université PARIS 7)
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LONG TERM POSSIBILITIES FOR NONDESTRUCTIVE EVALUATION
FOR US NAVY AIRCRAFT

by ¥. R. Scott
Naval Alr Developament Ceater
Warminster, PA 18974
Usa

ABSTRACT

The majority of Nondestructive Inspection (NDI) techniques currently in use for
US Navy aircraft are labor intensive, operator dependent and result in excessive
aircraft down-time. For this reason NDI R&D efforts currently are directed toward
developing rapid sutomated systems capable of remote or unattended inspection of
large areas and inaccessible structures.

Ongoing programs of this type to be discussed include Laser Ultrasonics,
Acoustic Emission, and Quantitative Imaging. The primary thrust of the presentation
will cover the advauntages of each technique and the techunfcal obstacles preventing
its implementation.

LASER ULTRASONICS

Laser Ultrasonicsis anondestructive testing technique that has the potential to
perform all of the same types of inspections as conventional ultrasonics except that
instead of using piezoelectric probes to interrogate material defects it relies upon
optical techaiques. The principle of operation of this “echnique, shown
schematicelly in figure 1,involves the use of a pulsed laser to generate
thermoelastic waves which are then detected using 8 high seansitivity optical
interferometer. For all practical purposes these thermoelastic waves are identical
to ultrasonic astress waves. When such waves interact with defects or interfaces
withia a material they are scattered or reflected at points of material property
discontinuity. Surface displacements resulting from the scattered waves reaching the
component esurface are detected by & high sensfrivity opticsl interferometer and are
converted into RF si{gnals commonly referred to as a-scamns.

This means of inspection has a number of obvious advantages over coaventional
ultrasonic techniques. First of all laser ultrasounics operates {in a noncontact mode
in contrast to couventional ultrasounics for which s coupling is required between the
probe and the sample being tested. This coupling is normally accomplished in any of
three ways:

1. a thin film of l1iquid couplant 18 placed over the surface of the part to be
tested and a plfezoelectric probe 1s placed in direct countact with the part,

2. the part {8 jmmersed in a liquid medium and the plezoelectric transducer
radiates acoustic energy through the medium and into the part,

3. a piezoelectric transducer is placed inside of a nozzle which directs liquid
couplant onto the surface of the part befng tested; acoustic energy radfated
from the transducer is waveguided along the liquid stream onto the surface of
the part.

The purpose of the liquid couplant in all three cases {8 to provide an acoustic
impedance match between the transducer and the part being tested, thereby allowing
sufficient acoustic energy to reach the part and be returned to the tramsducer.
Since laser ultrasonics generates the ultrasanic strese wave right at the surface of
the part and detects ultrasonic displacements at its surface, the need for coupling
1s eliminated.

In addition to eliminating the need for couplant, laser transduction has the
added benefit that it permits remote ultrasonic Iinspection in the absence of any
jntermediate medium. While squirter techniques do allow some distance to exist
betwveen the transducer snd the specimen, they also require that a 1iquid medium be
sprayed onto it. This spraying can sdversely effect the ultrasonic signal especially
at the higher squirter velocities needed for horizontal or laverted vertical probe
attitudes.

In contrast, laser ultrasonic probes can work at any angle and only require the
existence of a tranasparent path between the probe and the part being i{nspected. This
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suggests the possibility of inspecting moving parts and parts fuanctioning im hostile
enviroameats. Furthermore, the fact that laser ultrasonics uses a massless probe
that can reach its target almost fnstantaneously opeuns up the possibility of
scanning rates which far exceed those achievable with c-scanning or other servo-
mechanical probe positioning schemes.

Despite the obvious advantages of laser ultrasonic ianspectlon, it does have a
number of drawbacks which have prevented its practical implementation. These include
the following:

1. Lasers sufficlently powerful to produce usable ultrasonic intensfties 1iu
highly reflecting metals may be capable of thermally damaging other materials
such as plastics.

2. High laser light intensities assoclated with ultrasonic inspection are
capable of producing eye damage. This means that ifaspections must be performed
ic limited access areas and operators will be required to use protective
eyewear.

3. The interferometric sensing techniques used to detect ultrasonic
dirplacements may be considerably less sensitive than corresponding
plezoelectric techniques, especfally at long distances.

Much of the current R&D work on laser ultrasonlcs Is coacerned with overcoming the
above problems.

Three effects are favolved in the conversfon of light into ultrasonic waves.
These are in order of increasing efficiency, radiation pressure, thermoelastic
generation and ablation. Radiation pressure results {n a low conversion efficiency
and ls of no practical importance. Thermoelastic generation can produce efficiencies

between 10—7and 10—4or greater, while ablation may have efficiencies of 10—30r above.

The last mechanism while very efficient has the disadvantage that it may lack
reproducibflity and in extreme cases caa produce material damage.

The above mechanisms rely on the rapid heating of an opaque material surface in
order to produce a stress wave and produce large near surface displacements that are
inefficient in generating stress waves {n the bulk of the material. Von Gutfeld
[1,2) and others have shown that by pinaning the materlal surface much higher
transduction efficiencies are obtained than are available from free surface
excitation. A related effect may have been demonstrated by Rudd [3] who
nondestructively produced large amplitude stress waves by exciting milar films with a
pulsed C02 laser. Although Rudd was not able to make absolute measurements of the
amplitude of the resulting waves it was clear from his results that the amplftudes
were up to an order of magnitude larger than are ordinarily obtained from
plezoelectric transduction of similar waves. This suggests that 1ight {s being
abeorbed through the thickness of the plastic film producing a self pinning stress
wave.

Plastic filmas of this type could readily be coupled to large surfaces using a
11quid couplant as shown 1a figure 2. A laser could then be rapidly scanned over the
surface producing a rapid non-damaging probe suftable for a number of structures.

In addition to better laser generation techniques, significant advances in
detection technigques are necessary in order to realize the full potential of laser
ultrasonic inspection systems. Most interferometric devices currently in use for
detection of ultrasonic displacements are shot noise limited and exhibit significant
losses in sensitivity when only low levels of coheremt light reach the optical
detectors. As a result working distance, surface roughness, surface reflectivity,
and light source intensity are all variables which are importaat in determining
interferometer sensitivity.

Recent studies [4] have demonstrated that with lasers of moderate power (on the
order of milliwatts) sensitivities of .5 Angstrom at a 10 MHz bandwidth are
obtainable. This level of sensitivity would would be acceptasle for many ultrasocnic
inspection applications, 1f it could be maintained during an fmspection of a
conventional part. However, most designs for high sensitivity devices, such as the
one shown la figure 3, rely on maintalning a focussed laser beam of a near
diffraction limited spot size at the point of {nspectifon. This normally implies very
short working distances (<lem.) and depths of fleld on the order of microns.
Compromises involving higher power lasers and larger spot sizes may be necessary to
maintain both acceptable resolution and practical working distances.
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ACOUSTIC EMISSION (AE)

Acoustic emission 18 a nondestructive testing technique that detects the
presence of defects in a structure by monitoring the sounds which that structure
makes under mechanical or thersal loading. These sounds can range io frequency fros
the sudible range up to the low megahers range or possibly higher. Current US Navy
thrusts in acoustic emission are in the area of in-flight monitoring of airframe
structures to detect the preseance of crack growth in critical components.

In principle AE is completely passive relying on signals received from arrays of
sensitive piezoelectric transducers to detect and localize sounds emitted from
growing cracks. A plezoelectric seusor is mechanically secured to the epecimen and a
11quid couplant is placed between thes to improve the acoustic impedance match. As
the specimen is loaded bursts of acoustic energy are emitted; they are counted and
the rate of emission is plotted against load level. Ino many materiala the presence
of a high emission rate or the occurence of a number of emissions above a certain
amplitude 1ls indicative of the presence of a growing crack. Such techniques have
been shown to work reliably in the laboratory for specimens with simple geometries;
and in some practical applications such as monitoring of pressure vessels.

Structures auch as aircraft, on the other, hand present difficulties not encountered
in these other applications.

The single largest problem in developing a practical {n-flight monitoring system
i3 how to discriminate between these benign noise sources and AE events associated
with crack growth. The beniga, spurious, events are mainly associated with following:

Electromagnetic noise induced in the sensors, lead wires and assoctated
instrumentation,

Noise associated with engine vibration transmitted to the airframe,
Cavitation noise fros afircraft hydraulic systemse,

Noise associated with fretting of mechanically fastened structural components
particularly around loose rivets.

The three main techniques used for noise discrimination are array source
localization, emission/load analysis {5] and pattern recognition. Source
localization 18 usually applied to components having a two dimensional surface of
approximately constant thickoness which can be ifunstrumented with an array of
transducers. For {sotropic materials, plate sad surfsce waves of a particular mode
and frequency travel at a constant velocity Ifndepeandent of direction. Depending on
the shape of the part, it is usually possible to uniquely locate the source of an
eminsion by measuring the difference {n arrival time at each of three or four
transducers mounted on the component s surface.

The source localization technique can immediately eliminate events assoclated
with electromagnetic noise, since these normally arrive at all sensors
simultsneously., Also, signals associated with cavitation and engine vibration can be
localized as coming from outside the area of imterest.

The most difficult noises to discriminate from crack growth are those assoclated
with fretting. This fs varticularly difficult when the source of the fretting is
around a loose fastener. Siace fastenmer holes are likely locations for crack
infittation, locating an event at a fastemer hole does not a priori{ rule out the
presence of a crack., This leaves load level discrimination and patterm recognition
as the two remaining techniques for discriminating between crack growth and fretting.

Load level discrimination works by observing the rate of 2:oustic ewmission as a
function of the load being applied of the componment. A basic phenomenon observed in
acoustic emission is that a component under cyclic load does not produce acoustic
emiss{on until fit reaches the load at which the last emission occurred( the Kaiser
Effect). This law does not hold in general; however, it is significantly sore likely
that a crack will grow at maximum load than at some other point {n the load cycle.

In addition, for some materials aaother kind of eaissions associated with crack
closure will occur at the lower end of a load cycle. Since the rate of emission
agssociated with fretting does not seem to vary as strongly with load level, ft {is
possible to use load level vs. emission plots to obtain strong statistical evidence
for the presence of crack growth. This method (s also useful in developing "training
sets” for a third discrimination techaique, {.e. pattern recognition.
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Pattern recognition is a general term referring to mathematical technfiques which
can be used to categorize empirical data on the basis of certatin "features™ of that
data. For example, electrical transients can normally be discriminated from crack
growth signals purely on the basis of their duration or frequency content. Pattern
recognition normally involves two sets of data each containing a number of separate
events The first iz a training set used to develop a discrimination algorithm. A
second independent teet set is then used to evaluate the slgorithm”s effectiveness.

Figure 4 {llustrates the results of one pattern recognition scheme constructed
for separating events due to crack growth f-om those due to fretting. Two separste
features are selected as being indicative of these conditions and their values are
placed on the plot for each event observed. The source of the emission 1s obtained
by another means such as load level anslysis. Solid pointas are plotted for cracks
and open circles for fretting. Stince crack events cluster selectively in the lower
right corner of the plot and frettfng eveats (n the upper left, it is possible to
draw decision lines which separate either type of event with a given counfidence
level.

In recent atudies Hutton et. al. [6] applied pattern recognition techniques to
acoustic emission waveforms obtained from alumfnum tensfle specimens. Using load
level discrimination, training sets of fretting and crack extension waveforms were
developed and these were used to construct algorithms for discriminatfing between the
two types of evente. When these algorithms were applied to ifudependently acquired
data sets from the ssme speciwens the results of load level discrisination were
reproducible with a 90 percent confidence level or grester. These results are highly
satisfactory, since load level analysis does not guarantee separation of crack growth
signals fros benign events.

However, when these algorithms were applied to different specimens the agreement
dropped siganificantly and when specimen geometry was changed results were quite poor.
This was lnterpreted as meaning that certaia features of acoustic ewmission events
were unique to the particular crack from which they originated and to the geometry of
the specimens through which they propagate.

Later work showed that transfer fumctions could be developed which removed many
of the specimen specific features of AE events. When events from various specimens
were processed in this way, a nuwber of “"robust"™ features were recoganized as
discrininating between fretting and crack growth events. In laboratory evaluations
the reliability of these algorithms was found to exceed 90 percent.

Successes of the above R&D efforts suggest that methodologies based on aircraft
noise surveys and statistical estimates of crack detection probabilfity within noise
environments could reliably detect subcritical crack growth in some aircraft.

Work in progress lavolves flying an AE system on a P-3 aircraft while
monitoring crack growth in a redundant structure. The flight rack mounted AE system
to be used for these tests is shown in figure 5. The three channel acoustic eamission
system, shown in the upper right hand rack panel, capable ol identifying events from
the region of interest and acquiring their waveforms on the two Bilomation recorders
in the lower right rack. The 12 bit digitized waveforms can then be recorded on the
tape trecorder for post flight analysis. A redundant cracked structure will be
independently monitored for crack size using resistive crack growth monitors
suplemented by periodic visual examinations. Post processing of this data will
permit optimization of discrimination algorithms and critical evaluation of thelr
utility.

If this methodology is successful in developing algorithms suftable for
detecting critical crack growth, future efforts will be directed toward developing
smaller aircraft specific systems for monitoring critfcal areas of the P-3 and for
developing smaller prototyping systems for use on smaller afrcraft.

QUANTITATIVE IMAGING

Quantitative Imaging 1s a U.S. Navy program involved with ultrasonic imaging of
defects in airframe materfals, particularly composite materials. The work draws on a
aumber of technologies including robotics, ifmage enhancement, machine vision, and
ultrasonic signal processing. The ultimate goal of this project is to develop
automated systems which can directly measure those parameters relating to the
criticality of a defect in a component. In addition, the systems must be able to
continuously mon{tor changes in such parameters by storing defect information and
comparing it to results obtained at a later time in the life of & component.




The primary elemeat of the quantitative imaging system is 8 conventional
ultrasonic pulser recefiver which excites short duration stress waves in a
ptezoelectric transducer. These waves are coupled into a component of interest
through a water jet or by immersing both the transducer and the component in a water
bath.

The latter configuration is employed in standard c-scan systems that are used to
produce ultrasonic imagee of planar samples. These systeams usually operate by moving
the ultrasonic transducer above the sample in a raster pattern while detecting the
amplitude of an ultrasonic echo arriving at a particular delay time sfter the {nitiasl
pulse. This amplitude i{s used to modulate the gray level of the recording pen which
moves in syachronization with the tramsducer.

In order for these devices to functionm properly, the transducer must be kept
normal to the surface of the sample and at a constaant distance from its .surface. A
certain amount of shape variation can be accommodated in these systems through the
use of special fixtures, servomechanical devices for probe articulation and the use
of delayed triggers to electronically compensate for small variations in signal
arrival time. In addition multiple electronic gates are available which allow flaw
probing at several depths through the thickness. 1In general, however; the cost of
such systems and their limited capability for scanning complex geometries make
robotic manipulation preferable.

The robotic ecanning capability being developed under this program has three
main thrusts.

(1) Comstructing the digital representation of the component to be scanned.

(2) Translating that representation into a set of {nstructions which will permit
the robot move an ultrasonic probe at a constant distance from the surface of
the compounent and at normsl incidence to its surface.

(3) Registering the component”s location within the coordinate system of the
robot, scanning and collecting data. (Reconstructing an appropriate ultrasonic
image of the component may also fall partially into the realm of this thrust.)

An example of a component suitable for robotic scanning is fllustrated by
results of scans being done on a graphite/epoxy sine wave spar. The particular spar
shown in figure 6 18 a segment of a reinforcing member from the wing of an AV8-B
aircraft. 1t is not fnspected in an optimal manner after fabrication because of the
difficulty in following {ts contours.

The digital representation of this part was obtained by using an optical
scanning device which moved a thin laser beam over the surface of the part in a
raster pattern. The component was photographed with a television camera during the
scanning process. By knowing the camera angle and the angle of the scanning beam a
digital representation of the scanned surface was computed. This was used to
construct the isometric projection shown in figure 6.

Subsequently, a best fit sine wave was counstructed from the digital Jdata and
used to drive the robotic scanner. When a scan was performed it was found in fact
that the spar was not sufficiently close in shape to a real sine wave to obtailn good
scans and & more detalled digital approach was needed.

In general the problem of producing a robotic scan pattern for a particular
shape seems to have no general solution. The robot being used in these studies has
six independent axes available for placing and orienting the uitrasonic probe.
Although this hardware provides sufficient degrees of freedom for scanning moat
objects of interest their are a number of subtle problems which emerge in developing
scanning algorithms:

The robot must be programmed so as not to pass through the object that it is
scanning.

The robot arm sust be programmed not to pass through ft-elf.
The solutions to equations used to bring the robot to a given position and

orientation are not single valued. Improper selection of such solutions can
result in the robot moving large distances to reach adjacent points.

Robotic coordinates may not have metrics which provide uniform resolution om
parts with complex curvatures.
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Automating the process of generating robotic scaunning instructioms will be a major
thrust in future work.

After the scanning process, acquisition and storage of data presents the next
important ares where advanced developmeat efforts are being concentrated. The usual
reason for the formation of an ultrasonic image 1s to provide a permanent record of
the conditfon of a component which can readily be laterpreted ia terms of the
location and size of various anomalies or defects. With such records it should be
possible to re-examine a scan of a coaponent many years after it was made and confirm
its original {ntegrity. 1In fact the techniques currently used to collect and display
ultrasonic data may not serve auy of the above purposes properly. The results
of ultrasonic images such as c-scans yleld results which are as much determined by
the operator as they are by the characteristics of the component.

Figure 7 shows graphs of the ultrasonic amplitude (a-scan) as a function of time
for a hypothetical material. These a-scans, which are the raw data from which
ultrasonic imsges can be constructed, provide cross sectional i{nformatioa relating to
the integrity of a component. The upper most scan corresponds to a material f{n which
no ultrasonic defects can be detected. The two large pulses going from left to
right correspoad to the front and back surface of the component. The absence of
slgni{ficant features between these echoes indicates that no ultrasonlcally detectable
flaw is present.

In contrast, the lower a~scan shows the presence of an {nterior echo which may
be associated with a defect., The strength of the echo increases with the size of the
defect while at the same time the size of the back echo decreases. By gating various
time slices from the waveform and usfng the amplitude of the enclosed festures to
modulate a display an {mage may be built.

As the ultrasonic probe is scanned in a narrow raster patteran {(c- scan) over s
component surface, patterns of 1ight and dark are synchronously produced on a display
or hard copy. Figure 8 is an example of a c-scan of a laminated materfial fn which
the gray level i{s modulated by the amplitude of an echo from a delaminated region.

If the back surface echo had been used {nstead, then a negative of the above scan
would have been produced due to loss of back echo from the delasinared asres; gating
on the fromt surface echo would produce uo flaw ifmage at all.

Clearly the processing of the waveforams deternines what informatiom will be
displayed. Early approaches to optimizing this procesaing uzed {mage histograms snd
level slicing as shown in figure 9. Imaging devices typically have a discreet number
of gray levels aand colors that can be used in displaying an image. By defining the
level aslices in such s way as to maximize contrast across the range of a-scan
amplitudes corresponding to defect conditions it should be possible to produce a scan
with optimized flaw seasitivity.

The markedly improved image quality and flaw definftiocan achleved with this
approach still does not guarantee theilr reproducibility or the completeness of the
information which they contain. For this reason recent studfies have emphasized a
technique referred to as full volume ultrasonic imaging. The full volume technique
records not just a single intensity level but a complete ultrasonic a-scan for each
point on a part to be imaged.

Figure 10 shows the isometrically projected output of a full volume scan of &
section of a graphite/epoxy lsminated panel. From the data bac. scquired in the
scan both fsometric projections and arbitrary cross sectional images can be created
which show the detailed distribution of porosity {n the panel. Such images can be
shown in real time and a-scans for any location can be displayed and examlaed.

Because of the maas storage demands necessary to {mplewent this technique it is
oaly now becoming practical. If a scan 18 to be made which has the resolution of the
human eye (l1.e., approx. .2 ms), then a four square centimeter full volume scan would
require approximately 1.3 megabytes of storage. This means that an optlical disk with
s few gigabytes of memory would be required to store the scan of a one square meter
area.

The resolution required in many ultrasoanic inspection , such as those for
composite wing skins 1s considerably coarser than visual resolution sad a scan of an
entire afircraft could probably be contained on a few optical disks. Even now this
cost would not be prohibitive. It is anticipated that future imaprovements will make
this technique the preferred method of data storage.

The full volume method clearly has the advantage that post processing of scan
data can be performed at any time after the original scan. This permits scrutiny for
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types of defects that may not have been of interest when the scan was made. New data
processing algorithms not previously avallable can also be applied.

Full volume scanning, though feasible, st1l1l leaves technology gaps. The
primary shortcoming is the data transfer rate. Most off the shelf fanstrumentattion
cannot transfer more than about 100 ultrasonic waveforms per second. In contrast
analog sampling using older technology cam process 10000 waveforms per second or
more. This does not seem to be a fundamental limitation, since both digitizers and
computer busses are now avallable to handle these data rates.

Areas for future research in quantitative imaging will fauvolve calibration and
instrument normalization needed to make full volume scans made on different
instrumeiats or at different times fully comparable.
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FIGURE 5

EXPERIMENTAL IN-FLIGHT MONITORING SYSTEM
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FIGURE 8

C-~SCAN OF A GRAPHITE EPOXY LAMINATE
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NEED FOR COMMON AGARD APPROACH AND ACTIONS

R G TAYLOR
CHIEF OF NDT APPLICATIONS
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Introduction

During the past few years there has been a considerable increase in the inter-
relationship between the major engine and airframe manufacturers, due to the need
to collaborate on many airfraft projects, both within member countries and across
international ooundaries.

Whilst it may have been reasonable, over these years, to expect that these collab-
orations should have brought NDT Technology and methodology towards commonality, in
reality it is perhaps disappointing to record that considerable differences still
exist in both the application of NDT and other important aspects, such as the
Training and Certification of personnel working in the Technology.

Whilst there is no direct evidence that the different approaches used in NDT have
affected airworthiness, there are many pressures, both Technical and Commercial,
for requiring a common approach within the community in the future. The Technical
pressures arise from a need to achieve the same Technical standard of product,
irrespective of the place of manufacture, in order to meet the stringent Damage
Tolerance requirements now being placed on NDE, whilst the commercial pressures
arise from the need for industry to rationalise the methodology, so that components
are ‘processed' in the same way, irrespective of the customer. An example of the
problems associated with the lack of a common approach, is shown in the differing
requirements of the major aero engine manufacturers, for the ultrasonic inspection
of turbine discs. A study of the physics of the different methods demanded by the
engine companies, shows that the same technical standard cannct be achieved, and
the commercial problems are obvious when it is recognised that these different
techniques are imposed on a common forging supplier.

As a result of recent collaboration activities with a number of other engine
manufacturers, Rolls~Royce har carried out a survey of the differences that currently
exist and these can be summarized as follows:-

Significant Differences - Technical
1. X-RAY
. Penetrameters
. Densities
Films
a) DPenetrameters - These differ between Europe and the USA. In Europe it is

normal to use DIN (wire) penetrameters for calibration, and step wedges are
required in the USA.

b) Densities - Wide differences across the world, no international (or national)
standards.

c) Films - One film manufacture produces a totally different range of film in
the USA compared to its European Product.

2. ULTRASONIC - (Rotating Parts)

. Scanning Philosophies, Angles
Depth, Coverage.

. Calibration Procedures
. Grass, Attenuation

Ultrasonic Philosophies for rotating parts differs considerably from engine
company to engine company, particularly in Probe Scanning angles which vary from
50 gcans to 45° scans, although all companies do have a normal to surface

scan requirement. In addition, considerable variation exists in the calibration
procedures(one company still uses side-drilled holes in their test pieces), and

a)
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only one company appears to take into account the affects of grass,attenuationon
detection sensitivity.

b) A significant influence on the different ultrasonic philosophies, is the various
"opinions” on the likely orientatjon of sub-surfaces defects. In some cases it
is the opinion that defects generally follow forging flow lines, and other
opinions suggdest that defects occur at a random orientation not necessarily
associated with flow lines.

Clearly, in order to commonise on ultrasonic scanning, the defect orientation
differences must be resolved.

3. MAGNETIC PARTICLE INSPECTION (MPI)

Amperage Values
. Calibration and Controcl (Test Pieces)
The differences which exist in the MPI methodology are relatively few, but a major area
which requires resolution is the amperage values used to calculate component magnetiz-
ation requirements. These tend to differ largely between the USA and Europe although,
some values differ within each continent.

4. PENETRANT INSPECTION

. Test Pieces

. Process Parameters (Dwell Times, Temperatures)

. Chemistry

. Part Preparation (Etch or no Etch)
A wide variety of differences exist in this technology, both in the application of the
chemistry, and the preparation of the parts, in particular the penetrant contact time
(varies from 10 minutes to 30 minutes), and whether to etch or not to etch as a pre-
inspection surface preparation.
5. EDDY CURRENT -~ There appears to be very little differences in the application of
this technology; however, there are considerable disagreements in the claims on the
defect sizes that can be detected, this will be addressed later in the paper.

6. NEW AND EMERGING TECHNOLOGIES

. Real Time X-Ray
Computer Tomography

. Fluorescent Detection etc
Whilst it is too early for significant differences to exist in the new and emerging
technologies, a major problem requiring urgent resolution is to raise international
calibration standards which will prevent the development of bad practices and
technical differences.
SIGNIFICANT DIFFERENCES (GENERAL)

7. TRAINING AND CERTIFICATION

. Examination Requirements

. Operating Levels

. Periodic Examination or Assessment

Eyesight - Tests and Frequency

In each of these areas there are major differences which need to be addressed, although
there would seem to be more commonality in the training of NDT personnel across the
world, than in the Certification & Approval methods used.
The main problem with Certification and Approval is concerned with who should carry

this out. Some countries (and authorities) believe Certification should be carried
out centrally; others suggest that this is the responsibility of the Employer, albeit

to internationally agreed standards.
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8. MULTI-NATIONAL NDE SPECIFICATIONS

The main approach to AGARD to achieve common standards is to work towards an Industry
on Multi-National specifications for each NDT methodoly including the emerging
techniques. Work is proceeding towards this end in Europe and in Penetrant Inspection
alone, in the USA at present; however, there is no apparent effort to bring the USA
and Europe together in this area. It is essential that this must be done to achieve
the Common Approach goal.

9. PHYSICAL AND TESTING STANDARDS

One further essential step towards commonisation is to set up a 'Round Robin' testing
programme to

a) determine the detection capability of facilities and methods and
b) to calibrate each facility against required standards.

This work has already been carried out on air frame components and could be duplicated
on engine components. However, careful selection of test standards will be required
before meaningful scientific studies can be carried out.

The use of inadequate test pieces with untypical defects (particularly artificially
generated) may not be capable of distinguishing between a good or bad detection
system.

One area where cross reference and calibration is vital, is in the application of

Eddy Current for the detection of surface fatigue cracks. Dr L Bond's paper shows
that considerable differences exist in the claims made for the detection capabilities
of Eddy Current and since this will be the prime method for in-service inspections for
life extension, we must have an AGARD agreement on the actual detection capabilities
of the method. Including in this agreement must be the

. type of test piece
. defect morphology (real or seeded)
. Statistical method (miss calls, false calls)

and any other factor which must be taken into account to determine the probability of
detection.




L'ETAT DE L’ART EN CONTROLE NON DESTRUCTIF
DES PIECES DE TURBOMACHINE
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INTRODUCTION

Durée de vie des pidces de turbomachines

Ls sécurité d'exploitation des turbomachines sctuelles repose normalement sur une notion de
durée de vie slre, dlment calculée et démontcée.

L'spplication de méthodes de calcul élastoplastiques en fatigue oligocyclique permet 1le
dimensionnement de 1le pildce considérés A& partir de données acquises sur éprouvettes
édlémentasires ; ce dimensionnement est, le cas échéant, velidé par des esseis en fosse ou au
banc.

Les contcdles non destructifs des fabricetions sont un des éléments essentiels de 1'assucance
qualité : ils pecmetteat de gsrsatir ls conformité des prodults vis & vis de la référence
technique pour laquelle la durés de vie slre ¢ été déterminée.

I1 n'est pas rare que, tant pour conforter ou étendre la durée de vie slre, gue pour felire
face 4 dos événements fortuits, l'on soit smené 3 concevoir et appliquer des inspections non
destructives pendant la ducée d'exploitation du matéciel.

Les performances des contrdles sppliqués tant em production qu'en exploitation sont telles
que les composants fabriguds ae présentent pas de défsuts dont la taille est supérieure au
seuil de détection affiché.

Ls situation actuelle peut 8tre illustrée par le graphe ci-dessous :

Deneité de
distribution 99,9 1 des pidces concernées
des durées de
vie ) amorgege

- Fig 0 -
t
Dimension b l
des d¥fauts ﬁ-:r durés 4'ezploitation
. A l de 1a pidce
[

durée d'ezploitation
de la pidce

ova < B-3C od € (L3
a

ducée de vie sire

s 0 représente 1a longueur initisle représentative de 1la qualité de production.

a CND représente 1¢ plus gros défaut non détectsable par méthode CND.

s i représenta ls teille du défaut mbme entrainent la rupture statique

A représente le cas d'incident exceptionnel od une pidce est srrivée & rupture.
B représente 1s dépose d'une pldce coateSlée on maintenance eprds 1'incident A.

L'enseable de ces notlons oous amdne 3 préciser les pecformances des contrdles non
destructifs.
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1.2.

2.1.

Bfficacités comparées des différentes ab cup :

Différentes études théociques et expérimentales ont conduit wun certain nombre de
comstructeurs séronsutiques i déterminer les niveauz de pecformances relatifs aux différentes
techaiques CWD disponibles.

Des ossais ont été réalisés sur des dprouvettes présentant des défeuts type fissure de
fatigue et représentatives de configurstions géométriques réelles des pidces : slésage,
slvéole, ....

La figure ci-dessous illustce les résultats obteaus.

Probabilité de Hagnétoscopie
détection Ultrasons en immersion

100% '“7)’“‘:'/‘2?—- """"""""
ressuage haute sensibilité

I1 est important de signaler que certains défauts présentés suc les pidces dont 1a tsille est
inférieure su seull de détection garsnti peuvent dtre détectés.

Dimension des défauts
- Fig 1 -

A ces courbes doivant dtre associées celles des “fausses alarmes™, c'est-d-dice des
détections d'anomslies sans rapport svec le défaut recherché qui présentent une signature du
nine type.

Ces “fausses alarmes”™ ont pour origine en générel, des enomalies géométriques ou

mérallurgiques de 1s pldce, des perturbations physiques ou électroniques générées par le
matériel de contrlle utilisé.

LES CuD EN PRODUCTION DES PIECRS MOTRURS

Génécalités

L'intégration des contrdles non destructifs dans les gemmes do fabricetion des compossnts
tient compte :

- de la nature des défauts recherchés sinsl que du seuil de détection escompté,
- de la géométrie de 1a pidce ot de son état de surface,

- de la nature du mstécleu,

- des risques de contamination générés par le procédé d'inspection.

Parml les techniques CND disponibles, eat sélectionnée la technique la plus edeptée asux
eritdres définis cli-dessus.

Bagsuite sont réalisées successivement la velidation expérimentsle de 1la méthode ainsi
retenue, la conception et ls réalisstion d'étalon de référence.

Enfin, 1la mise en place coordonnée et 1a surveillance des équipements et procédures
d'inspection garantit en production le nivesu de qualité nécessaire.

La sélection des techniques CND dens 1s phese lnitisle est fonction de le configurstion des
pldces et des défauts type recherchés est illustrée psr le tablesu ci-aprés :
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TaBLEAD 1
Stades d‘spplication Détauts types Dissasioa C.B.D.
des C.N.D. recherchés type envissgesblos
Réception des produits Bélange de matidres 0,2 us
deai -produits Défeuts d'éladoration ot de [}
presidre transformstion 1mm
(isclusioas, ségrégations,
crigues, etc.)
Pléces brutes
. forgées - aspect, tapures, crigues, 0,5m Us, BX, BS
replis, inclusions laminées,
otc.
. coulées - aspect, criques, porosités, 0,3 am Us, BX, B8
inclusions, ségrégations,
retassures, microretassuces,
stc.
- épsisseurs parois
BIa cours de fabrica
. usinege - sspect, crigues de rectificetion 0,2 ma us, cor, &S,
corrosion, wesures 4°'épaiesevrs, ne
etc.
. soudage - aspect, manque de pénétration, 2 RX, AG, RS
ccigues, soufflures, inclusions [}
ote. 10 mm
Traitements thermiques : Tepures de trempes, criques de 0,5 mm cdr, &S
détentionnement, cerectérisstion
de 1-état de traitemeat thermigue
{pour certains allisges} mesure
4'épaisseur des couches cémentées,
ete.
Treitement de surfaces :| Aspect, épaisseur du dépdt, car, &S
fissuration, sdhérence du revé-
tement, eotc.

Trois exemples concrets choisis dans la pratique courante permetteat 4°'lllustrer cette

mbthodologie :

Coptrdle psr uwltrasons des disques de compregseurs et tucbines

Le premisr exzemple est le contrdle ultrasonore réalisé suc les pidces tournantes de
turboréacteur : c'ost le cas de disques, tembours ou rotors de compresseur et de turbine.

L'automatisation du contrdle ultresonore par immersios des

turboréeacteur permet :

plices

axisymétrigues de

- d'accrolitre le degré de confiance, ls reproductidilité et lcs performences le ces échéant,
- de réduire le colt de 1°'sssurance qualité,

et c¢e, deans le cadre d'une application en stelier de production.

—————
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Cotts spy! _ation se réslise dans les conditions suiveates :

- ¢ .céle ser étet pré-usind de forme géomélrique simple,

- utilisstion de pslpeurs focellsés de fréquence nomlasle S ou 10 NHz (ea fonction de 1le
sucépelssenr d'usinage par rspport eu profil de le pidce finie).

- étalonnage sur trou d fond plet ou sur géadrastrice de trow.

La premidre méthode présente 1'aventage importsant que la dimension du réflectesc {(foad plat
de trou) ne varie pas em fonctioa de la profondeur. Par costre, deux cales étalon sont slors
nécessaires pour résliser 1'étalonnsge on ondes longitudinales puls transverssles (figure 2).
/",;J :ﬂ{'[;?&‘.}.’ﬁ‘&‘ L‘AY?E"J‘AI;”(IO ({4 LR 3
v g | TV OF LA COLOWE O/EA Q)

“e M N RS
4 om
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§ em // 0, 5mm -
3 me - -fig 2 -
é nu _18ou 8 Fong N\
L PLAT B 1, 20m
LR ]
re \
N TRARETON ) N
re 2 et ~—
.- 4 e
» 1 -
.. roeat
ity ] —_

2 012 HB DM OB NG BB SE BN TR BN e
PROFOROR (1) -

L'introduction de 1'ételonnage et du contrdle asutomatique e permis e moyeane une
sugmentation de productlieitd de 40 %, soit une réduction d'environ 200 KF/an/instsllation.

Le tableau suivent donne une illustretion des geins obteaus.

TABLEAD 2
cont T DR PIECES TOU! 8BS CRITIQUES
108 DR DURRE DES CONTROLES INSTALLATIONS SENI -A( TIQUES ET AUTOMATIQUES
INTRODUCTION D& L° AUTOMAT I
Ducées relatives (contréle plus prépsration)
Type de pidce
1 - Contrdle 2 - Contr8le auto 3 - Coatrdle suto
semi -gutomet lque #tslonnage manuel étalonnage suto
Disque 1 turbine {Base) 100 32 24
Disque Z turdine 100 33 26
Disque 3 turbine 100 35 28
Arbre de compresseur 335 120 111
Disque de soufflante 144 8 79

Dans tous les cas, vitesse linéaire 450 mm/s, pas d¢'avence:75 % teche focale.
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Ls figure 3 montre shématiquement

@
1

les critdces 4¢'inspection correspondants.

- fig 3 -

CONTROLE ULTRA-SONS ]
|
Zones UA,UB,UD,UR| UC,UF |UA,UB,UD,UBE | UC |
{ { |
Rugosité Re ( m) 0,8 |
|
Node LR LG T200R T20MG |
|
Critdres |
(% amplitude 25 25 L1} 50 |
d'étalonnege) 1
Légende :
Le : mode longitudinal redial.
e : mode longitudinal sur génératrice

T20MR : mode transverssl radial d 20* d'incidence.
T208G : mode transversal sur géndératrice i 20° d'incidence

les seuils de rejet varient entre des diamdtres de trou 4 fond plat de 0,6 4 5 mm selon les
cas, un tsux de rebut de 1l'ordre de S 10 ‘z/pucn est typiquement observé, correspondent &
des criques de forge amorcdes pear des laclusions d'oxydes, des ségrégations du type white
spots.

L'installation est programmée pour stopper sutomstiquement dés que le signal dépasse le
piveay marimum du bruit de structure habituel,

1'ordre de 0,4 mm en moyenne.
sngulation, etc), du maximum d‘écho dans ls zone considérée.
métallurgie de poudces,

soit un diemdtre de trou
L'opéreteur procéde slors & une évaluation masnuelle (par

4 fond plat de

Pour les pidces avancées en
le nombre d'indications dépassant le niveau mazimal de bruit de

structure est élevé. L'installetion scquiert les amplitudes point par polnt et identifie en
final les zones od 1'amplitude dépesse le seuil & des fins d ‘expertise.

Contrdle des épaisseurs de parois d'subes & cavité

Le deuxidme exemple concerne ls mesure dimensionnelle d'dpaisseur de parci d'aube de turbine
(cas d’audes comportent une cavitéd).

Dans lea gamme d'épsisseur considérée, voisine du millimdtre,

géondtriques complexes,

notamment surfaces courbes et accidents de forme

avec des

configurations

importants avec

présence de “pontets”, 1'objectif 4 atteindre est de mesurer ces épaisseurs avec une
industriellement proviennent des
tolérances sur les carapaces céramiques et des déports des noyaux & la coulée.

précision de 1'ordre de 0,05 mm. Les écarts observés

Le coatrdle per ultrasons ne convient pas toujours pour les raisons suivantes :

l1s géométrie complexe & 1'endroit de la mesure donne des oscillogrammes ininterprétebles et

donc des mesures peu fisbles,

dans le cas d'aubes monocristallines ou réslisées en solidification dirigée, i1 y o
veristion du module d'Young dans le matérisu et donc variation de la vitesse des ondes

ultrasonores suivent 1’orientstion de 1¢ mesuce.

Les écarts constatés (i 10 % sur les

épaisseurs relevées par ultrasons) nous ont conduit & sbandonner cette technique.

le temps de contrdle doit dtre samélioré.
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La aise en oeuvre du contrdle per Courants de Foucault eppliqué aux subes mobiles et aux
distributeurs de turbine permet d'stteindre les objectifs techniques et économiques.

L'instellstion considérée, illustrée sur le ciiché de 1la figure 4, présente les
caractéristiques suiventes :

- 1a précision de 1s mesure est inférieure & 0,05 mm,
- 1'intégration du syst2me de contrdle sur un robot a permis 1'augmentation des cadences
comme le montre le tebleau ci-dessous pour 2 applications :

CONTROLE US CONTROLR CdF *
Aube mobile HP S 210 min 1 nin S0 s
18 pts de mesure
* 1 pt de mesure
toutes les 6 secondes

Distributeur
3 pales 15 &4 20 min Smin 30s
54 poiats de mesure

Contrdle des soudures sur rotors de compresseur

L'évolution du contrdle rediographique de zones soudées par faisceau d'électrons sur rotor de
turbomachine en alliage de titane constitue le troisidme exemple.

Initielement, 1le contrdle par Radiographie X réalisé en mode directionnel sur la plédce
permettait la détection de :

- manque de liaison sur le plan de joint (30 % de 1'épsisseur de 1ls pidce longueur mini =
1310 mm),

- eriques longitudinales paralldles su cordon de soudure {10 4 30 1 de 1'épaisseur
longueur mini = 1 3 10 am),

- soufflures (8 2 mm).

Le nécessité d'améliorer les cadences de contrdle et 1'apparition aprés soudsge de criques
trensversales de trés petites dimensions (longueur environ 3 wm eu moins) de part et d'autre
du plan de joint dans le crrdon de soudure s ndcessité la mise au point d'une nouvelle
technigue de Rediographie sppelée "dynsmique”, c'est-d-dire avec rotation de la pldce devant
le tube RX pendent la tir.
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Indépendamment de 1'emélioration du niveeu de détection de cette technique : meilleure
césolution que celle obtenue avec un tube microfocus-pancramique, un gain importsnt de
productivité o été réalisé. Les temps de contrdle ont été divisés par plus de 6.

Le tadlesu 3 en est 1‘illustration.

TABLEAU 3

CONTROLR RADIOGRAPHIQUE DE ROTOR SOUDE FE

TECHNIQUES UTILISRES

TENPS "PREPARATION ET TIR® |

RESOLUTION,
PERFORRANCE DE DETECTION

RADIOGRAPHIE CONVENTIONNELLE

NANQUE DE LIAISON : 30 %
DE L'EPAISSEUR CONTROLEER
CRIQUES LONGITUDINALES :

- TUBE RX FIXE, PIBCE ROTATION
- AUTOMATISATION DU PILOTAGE :
. DES COMMANDES DE TIR
. DU POSITIONNEWENT DU TUBR RX
- 1 TIR PAR CORDON, SOIT
8 TIRS/PIECE DANS 2 SBQUENCES

- TUBE RX DIRECTIONNEL Base : 100 10 % 4 30 % DE L'BPAIS-

- PIECE ET TUBE RX FIXES SEUR COMTROLEE

- 16 TIRS PAR CORDOW, SOIT CRIQUES RADIALES DETEC-

128 TIRS/PIECE TION ALEATOIRE

SOUFFLURES : § 0,2 mn

RADIOGRAPHIE DYNAMIQUE MANQUE : 20 1 4 30 1 DE

(l1dre ETAPE) L'EPAISSEUR CONTROLEE
CRIQUES LONGITUDINALES :

- TUBE RX DIRECTIONMEL 10 1 & 30 % DE L'EPAIS-

- TUBE RX FIXE, PIECE EN ROTATION SEUR CONTROLEE

- REGLAGE EN POSITION DU TUBE k) CRIQUES RADIALES BIEW

- RX MANUEL (LONG ET PEU PRECIS) DETECTEES

- 1 TIR PAR CORDON, SOIT SOUFFLURBS : 0,1 4 0,2 mm

8 TIBS/PIRCE

RADIOGRAPKIE DYNANIQUE

(23me ETAPE)

- TUBR RX DIRECTIONNEL 15 IDEM (lére ETAPE)

AVEC FPIABILITE ACCRUE
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APPLI sug BURS EN LOITATION

Générelités

La nécessité de confirmer ou d'étendre une durée de vie slre, ainsi que la conststation de le
présence de défauts de fonctionnement en répsration, ou d'incidents en utilisation, imposeat
quelquefols la programmation d'une inspection sur le matériel en service.

Dans le dernier cas, sur ls base des résultats de 1'expertise des éléments défectueus, deux
types d'action peuvent 8tre engagées :

- 1'élimination des risques d'une défaillance identique : remplacement systématique des
piéces incriminées (actions correctives),

- ls prévention des risques d'une défalllance identique : CND des pidces incriminées (action
préventive).

Dans le cas de prévention des risques, ls méthodologie adoptée est la sulvente :

- une anslyse précise des principaux persddtres technigues dont :
. la nature du matécieu,
. la nature de 1l’anomslie,
. 1'sccessibilité & 1a zone d'initistion de¢ 1'anomalie,
. les risques de contsmination du moteur

conditionnant le choix de le méthode CND & retenir pour cette spplication (voir tebleau 4).

- Le déclenchement de la mise su point d'un procédé d'inspection selon ls chronologie définie
(tableaux 5 et 5 bis).

Peincipeus WATURR DU WATERIAD WATURE OF L'ANORALIE SCCERSINILITE

|ISQUES
influents | Métal- Boa Rétel- | Criques Useres Pouvsis posi-| Matidre ile 3 18 gome [
1ique lique Déforma-| ti nok plées | €'initia- POLLUTION
Sdehice- | tions ou sbsence contorme | lseri-| tion do o DS
Techalques res, do plices ninge | 1'esomslie | CONTANTNATION
de CWO roplls,
utilisdes tapures
EXAREN VISURL X 4 - L] . &
RESSUAGE X 1 ) ¢ - - - L] ] s
TRERNOSLECTRICITR x - - - - 4 [ ] L) &

ARALTSE VISRATOIRE
(esgentielloment & 3 T x z I - [ ° 4
titre sxpérimental)

SLIRASONS 3 T 4 - - - [ ] ] a
COURANTS D& POWCAULT - X - 4 . [ a
CANAGRAPRIR & - H 4 X o [ &
_
T x spplicstion possidle 9 indiapensadle & out
- spplicatios imposaidle 0 facultati( A non

ou pes prodadle
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I s
1E D'UNE M1 INT D €
SI NIVEAU DETECTION
«< PLUS GROS DEFAUT
ETUDE ET REALISATION AMISSIBLE
DES MATERJELS
CHOIX DES METHODES DESSAT / !
D A 1
EXPERIENTER
EXPERIMENTATION cnotx ou REAL I SATI oM APPLICATION
PROCEDE O'EQUIPEMENTS | 3
ANALYSE TNEORIQUE \ o | sroamp || L MeTHODE
DES PERFORMMICES OPTINISATION ALIGNES CHOISIE
N FONCTION / FIABILITE . *
DES GEOMETRIES PIECES TAUX FAUSSES REDACTION
ET CONFIGURATION DY NANES 0'UNE OTICE
CONTROLE TECWNTQUE
PDO QU PROBABILITE
DE_DETECTION)
COWATIBILITE
AVEC P8 POSE
Impw s ps
[.] IE D'UNE MISE AU POINT D* [+ uow IF
A LLANCE €N UTILISATI AV
CHOIX OES DEFINITION ET REA- CHOIX DU OU REAL ISATION APPLICATION
NETHODES OE LISATION SI BESOIN, Lﬂ EXPERIMENTATION _o] OES PROCEDES | | o'equieewewts |_ | oe A
o A DU MATERIEL MECES- A STANDARD PETHODE
EXPERIMENTER SAIRE AUX ESSALS APPLIOUER ALIGNES CHOISTE
tenant compte Matériel comprenant 1) En Yaboratoire sur Seulement si St nécessité - par spé-
des possidilités pldces d'essyis, recherche performance d’effectuer claliste de
techniques des - sppareillage de de 1'6tablissement d'une suffisante stmultandment CND
différents contrdle standard corrélation entre 1ndica- wm alwe - par opé-
procédés ov spécifique tfons donndes par procédés contrdle en rateurs
(cf. tablesu 4) - pldces avec de CHD ot 1'fmportance des des Tieux apris
Performances d6fauts signifi- défauts significatifs diftérents formation
. POD catifs tenant compte si possidle préalable
« Taux de faus- fartificiels o des €léments de dispersfon
ses atarmes réels) {position et ortentation
caractérisés des défauts - forwe et
gfonbtrie des pllces...)
2) sur soteurs, en vrale
grandevr, vértification
notament des condftions
d'accessfdfifes du matériel
de contrdle
3) Synthise des essafs et
des vérifications :
- Définition des perfor-
mances de 12 mfthode expd-
rimentée (sensfbfifes,
tewps de contrdle et d'in-
disponibilits & moteur)
- Fixation des critires
4" sccaptation
e v n ot 1o = L - ey —
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Citons 4 ezemples comceats issus de motce ezpéclence :
Eissure: ti] 1 ' d's

A la suite d'une rupture d'sube de ler étsge du compresseur sur un moteur, i1 a été décidé
d'sppliquer en msintenance us coatrdle préventif sur tout le parc des tucboréacteurs e
service sans démoatage de ls pidce incciminde. J1 fallalt défiplir une méthode CND spplicabdle
dicectement sur moteur avioanéd.

Le cholx de ls techaique se ports sur les Coursnts de Poucault. Un équipement de contridle
avec balayage somi-autometique de 1s tome 4 contcdler par la somde CdF fut réelisé (voic Fig.
S et 6).

‘Al D'

Bouton poussoir, Moteur élecctrique

Becquet

Profil de
sonde

Boitier de Cde
moteur Electrique

fig. S - Sonde Courants de Foucault, motewr svionné.

Fig. 6 - Réalisetion du contrdle, moteur avioané.

La validation de la méthode & été effectude sur pldce avec fissure de longueur développée
égsle 3 1 ma. Cette valeur constitue le seuil de détection de 1a méthode.

Teds peu de fsusces slermes ont été constetées, conségquence du systdme semi-automatique
éliminent 1'influence de 1'opérateur. Le temps de contrdle relativement bref : une heure pour
1'snsemble de la roue, est trds inférieur au temps néc ire & 1a dépose et repose du
moteur, svec démontage et remontege de toutes les subes de ler étage du compresseur, soit
S heures avec passage de 1'avion en point fixe.




PP i

PO -,

3.3,

8-11

L'intervalle d'inspection évalué & partic de ls cciticité du défaut étalt de 50 beures.

En meintensace, 138 moteurs oat #té contrdlés par les utillsateurs suc bese. Sur 12 aubdes,
ont été détectées des IndicstionsC. de Foucault. Aprds dépose, 11 aeubes préseataient
eoffectivemsnt des crigues de fetigue de dimension supérieure & 1 mm {seuil) et sur une aude
1'indication correspondeit A un impect sssez importaat.

[ 4 ces F {1 orse isgue

En utilisation, des criques de fatigue-flusge s’amorcant dans ue rayon trés feible su droit
d'un ceatrage sont apparues sur des disques de compresseur ea alliasge léger.

Ls crigque pressit naissance dans une zone quesi-imsccessible sams démontage de e pldce
inceininde (volr Fig. 7 ot 8).

proves

Fig. ?

Trajet du faisceau ultrasonore
Fig. 8

Compte tenu de cette difficulté, seul le contrdle ultrasonore psr contact sur rotor complet
était eavisagesble.

Une premidre méthode (Fig. 8 ) fut mise au point et fut eppliquée immédistement i une partie
du perc moteur (44 disgques). Le sesl) de détection établi sur défaut réel et velldé par
dissection d'un disque criqué était de 1'ordre de 1,5 mm. Aucune feusse elarme pacticulfdre
n's &té constatée dens 1'applicetion de cette méthode.




»Trajet du faisceau ultrasonore STrajet du faisceay ultrasonore

fig. 9

Une deuzidme méthode fondés sur le mdme principe & été définie. Les conditions de contrdle
avaient été optimisées afin de réduire le seuil de détection i 0,5 mm et pour sugmenter les
intervalles d'inspection. Le dage ultrason éteit réalisé sous un engle plus feible et dans
une région proche de 1'épaulement dans lequel s'initieit ls crique recherchée (Fig. 9).

Fig. 10

Ainsi définie, 1a méthode fut appliquée & 38 moteurs. Les 33 disques furent trouvés criqués.
Pacal ceuz-12, sur un disque, la dissection au droit des indications détectées, aucune
fissure n'a été constatés. C'est un "resssut” dans 1'angle de 1'épaulement qui, en “"fausse
alarme” a généré une indication de défeut (Pig. 10).
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One troisidme méthode par Coursnts de Foucault et spplicsble seulement sur disque déposé, a
permis de concilier une faidle valeur du seuil de détection (0,7 mm) et un taux de fausses
alarmes acceptable {nul en 1'occurrence). (fig. 11)

Le troisiéme cas d'snomslie comnstaté en spplication concerns 1'amorgage de crigue de fatigue
sur des viroles intermédisires positionnées entre disques de compresseur. Les criques
spparsisssient préférentiellement dans des encoches destinées A équilibrer le rotor, dont
certaines svaient été réalisées d'une manidre non conforme en maintensnce.

La configurstion dans lsquelle le contrdle devait étre réalisé impossit un démontage

minimum : dépose du rotor, et ne permettait pas d'avoir accds directement 4 le zone od
s'fnitiaient les criques. Une méthode de coatrdle par ultresons utilisant des réflezions
multiples du faiscesu acoustique a été utilisée (Fig. 12 ot 13).
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Fig. 13

Sur plus de 100 moteurs contrBlés, 5 viroles furest trouvées criquées. Bien que le seuil de
détection fut initielement fixé 4 3 mm, le plus petit défeut détecté présenteit une longueur
de 1,7 mm, cette vsleur s constitué le nouveau seuil de détection.

Compte tenu du caractire mixte de 1°'endommagement (emorcege en fatigue oligocyclique,
propagation en fatigues oligocycliques et vibrations combinées), 1les {intervalles
d'ingpections sont faidbles (200 h 4 SO h selon les cas).

Enfin, dans le dernier cas, i1 s'aglissait de détecter des ruptures de freins d'aubes qui sont
dostinées 4 bloquer les asubes en position sur disque de compresseur. Ces ruptures se
développent redialement en fatigue sur les rayons de pliage des t8les utilisées pour réeliser
la fonction de frein. La méthode retenus consiste & radiographler le secteur concerné par
gommagraphie. Le radio isotope (source de rayonnement y) est introduit dens 1'sze moteur de
conception tubulaire, les films radiographiques étant placés sur la périphérie du réacteur.

A noter que 1l'une des origines de cette conception tubulsire des erbres de compresseur ou de
turbine est de feciliter le contrdle en maintensnce par gammagraphie.

Fig. 14
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4. APPROCHE STATISTIQUE DES CMD
Comme les différents exzemples 1°'ont montré, les performances des contrdles non destructifs
sont conditionnées par 3 parsmitres :
~ le tauz de non détection,
- le taux de feusses slarmes,
~ le taux effectif de pidces défectueuses.
La non-détection de défaut liée ou non d& des fausses alarmes peut avolic pour origine :
~ une dimension de défeut inférieure au seuil geranti de détection,
~ des anomselies intempestives masqueat le défaut & rechercher.
Dans ce cas, le type d'anomalies sppelé feusses slarmes qui p dtre classé en 2
catégories
- snomalies lides au systime de mesure,
- snomalies lides A 1a plice.
par exemple:
TECHNIQUR ANONALIR LIRE AU SYSTEWE ANOMALIE LIEE A LA PIECE |
1 Courants de Foucault "Lift off” ou éloignement - Ragnétisme cémanent
sonde/plice - Contrsinte d'écrouissege
- Rffet de structure
.1 Ultcasons - Bauvais couplage capteur - Herbe - Brult de structure
pléce - Rayures - chocs sur pidce
- Bulles d'air
- Bruits de fond
électronique
‘b Rediographie X - Rayures film - Phénomdne de diffraction
- Berer plomb ou rétrodiffusion
- Pb de développement - "Ligne noire" dens
soudure
{ Ressuage - Mauveise spplication du - Zone de rétention dans
procédé ea particulier le pldce
F lavage - Btat de surface non
homogéne
p

La prise en compte de ces différents aspects permet d'étadlic les performances réelles des
procédés & partir :

- de la détermination de 1la probabilité de détection en relation avec le teux de fausses
elsrues de 1a technique considérée,

- des études techniques d4'spplicadbilité de 1la méthode CND en fonction de la configureation
géométrique plidce et de 1'accessibilité des zones & contrdler,

- du stade d‘'intervention :
. fabrication,
. réparstion,
. exploitation.

Un tableau de synthése de 1'évolution des CND (tableau ¥N* 6) dresse le bilan sur les
dernidres années et des tendances sctuelles sur les choix technigues d'application des CWD
tant en fabricstion qu'en exploitation.
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A Acrroissement Q Stab. ou diminution X En cours d'études ou applic. spécifique
5. CONCLUSIONS

Ls qualité dens 1ls production et I1'exploitetion de turbomachines impose sujourd‘hui de
disposer de méthodes et de moyens performants d'inspection non destructrive, adaptés eux
configurations des pidces, mels en parsllidle 1'"inspectabilité™ des composants doit &tre
prise en compte su niveau mdme de leur conception.

L'intervention de la conception, la fabricetion et la qualité dans la définition de nouveaux
moteurs favorise 1'sdoption de solutlons techniques fesues d'un compromis eatce :

- 1a fonction du composant,
- 1s faisebilité quant & se forction,
- la "contrdlabilité" en fabricetion, maintensnce et réperation.
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RECORDINGS FROM AGARD SMP MEETING ON DAMAGE TOLERANCE CONCEPTS FOR ENGINE CONSTITUENTS -
NON-DESTRUCTIVE EVALUATION, Luxembourg, May 1988

Dr. A.F. Blom Major R.F. Drummond
Structures Department Aerospace Maintenance
The Aeronautical Research Development Unit
Institute of Sweden (FFA) CFB Treaton

P.0. Box 11021 Astra, Ontario

$~161 11 Bromma, Sweden Canada XOK 1BO

Through discussions occuring between each of the formal presentations, the meeting arrived &t a
concensus that follow-up action was needed in the following areas :

modelling (both of defect initiation/growth and of the non-destructive testing (NDT) process/flaw
interaction);

statistics and data collection to define NDT reliability; and

the initiation of round~robin testing of standard samples with actual flaws to enlarge the proba-
bility of detection (POD) data base and to facilitate the sharing of experience between concerned
agencies.

MODELLING

Failure occurs when design exceeds process control; certifying authorities must decide what standards/
measures of process control are satisfactory and what data must be collected to verify that the
specified process control is attained.

The destructive testing to prove component dursbility, and the manufacture and post-test exami-
nation of POD specimens to determine NDUT reliability are expemsive. At this point, such tests are
conducted until a cost-benefit decision is made.

Newer engine structures are under complex loads and made of materials whose fatigue hehaviour 1s
not as well understood as those in older generation components, This makes a comprehensive inspec-
tion of fracture critical components to assure a "defect free case" impossible. Finding defects
at the required probability is only possible at predictable locations for failure sites. However,
the stress levels in critical components and the fatigue intolerance for some of the most
advanced materials is heading toward a situation where cracks could initiate anywhere from
extremely small initial flaws. Therefore, the introduction of retirement for cause (RFC) has
slowed the trend toward increasing performance of gas turbine engines while the industry
develops materials with greater crack nucleation and growth resistance. It was estimated that a
further five years might be required before effarts are renewed to push at present thrust/
weight barriers.

Eventually, the trend toward engine materials and designs improving performance will bring with
it critical crack sizes which push against the physics which dictate crack detectability by NDT
methods. Also, accurate prediction of crack location and orientation is mandatorv for a safety-
by-inspection philosophy to be successful. So far, such definite defect prediction and detection
has been elusive.

It was mentioned that the RFC philosophy addresses these concerns by obligating the use ot
materials with known favourable crack growth rates. Also, analysis must provide for conservatism
in design to provide surviveability for at least two inspection lives with defects at the 90 1
POD 95 ¥ confidence level. RFC will only be applied for components with critical defect sizes
which NDT techmnology (which is continuing to develrn) has been proved capable to detect.

Designers of gas turbine engines are not universally obligated to include "inspectability" by
NDT in component designs, although most are at least educated to do so.

The design of engine components which meet RFC criteria is a team effort between the design and
NDT engineers. The design engineer must define what defects will be produced by manufacturing
processes and service conditions as well as their propagation rates, orientations and critical
sizes. Then the NDT engineer attempts to characterize the inspectior system's response o these
features, optimize flaw detection and set pass/fail criteria.

While a thorough understanding of the underlying physics of all NDT methods has not been
essential to their effective application to this point, such fundamental knowledge is necessary
for techniques to detect defects at the sizes and reliabjlities required to support engine
design of the future. It was estimated that development of a model for eddy current/defect
interaction to the same degree ss that available for the ultrasonic method is at least five
years away.

It was mentioned that NDT method reliability can be studied, in some instances (such as for
ultrasonics), by computer modelling of the process/flaw interaction. It was pointed out that this
approach was limited in that it did not add to practical knowledge or experience.




STATISTICS/DATA COLLECTION

While data was displayed showing generally recognized minisum detection limits for various NDT
methods, practical reliability data is still npot resdily available. No single figure should be
used to state POD as a general truth for any method.

Due to the expense and effort associated with NDT reliability studies, POD data is very sparse
(small sample sizes in each test). Statistical methods presently used for analysis of such data
was questioned; perhaps the statistical methods used in civil engineering might be tried and the
results compared with present NDT reliability practices for conservatism.

The understanding of total POD must be broader - probability of the defect occuring, probability/
rate of crack growth, probability of detection (NDT), etc.

Some error in POD is created by the difficulty of accurately sizing defects such as cracks, even
by metallurgical examination.

The USAF is attempting to establish a standard for the quantitative evaluation of liquid
penetration inspection and eddy current methods. A workshop on that topic is scheduled for the
Quantitative NDE conference at La Jolla, California in early August 1988,

ROUND-ROBIN TESTING

As stated in “modelling” the manufacture and post-test examination of POD specimens to
determine NDT reliability are expensive.

It was proposed that some round-robin testing of a standard specimen set containing "real" defects
could be useful to gather sufficient data to make NDT relisbility determination possible. However,
a suggestion was made that the standardization of NDT systems between participants can be
difficult. For instance, many parameters must be considered for highly sensitive ultrasonic
testing. Nevertheless, it was concluded that such a test would be useful to establish and share
an NDT reliability data base as well as to examine statistical approaches to the treatment of this
data. This topic will be discussed further at the next AGARD SMP business meeting scheduled for
this autumn.
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